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ABSTRACT 
 
Thomas T. Eisenhart: Spectroscopic Monitoring of Proton Transfer and Proton-Coupled 
Electron Transfer Reactions 
(Under the direction of Jillian Dempsey) 
 
 
As the need to develop alternative types of energy has become a more pressing issue, 
the impetus to understand fundamental energy conversion processes like photosynthesis has 
only increased. One particular facet of photosynthesis that has been identified as crucial to 
the conversion of H2O, CO2, and light to O2 and carbohydrates is a proton-coupled electron 
transfer (PCET) process. Numerous studies have been carried out to gain a broader 
understanding of PCET processes; however, the traditional tools used to study these reactions 
have only allowed direct observation of the ET component of PCET. While these are 
excellent methods for elucidating information about ET, a complete picture involves a study 
of both the PT and ET components of a PCET process. Our work initially has focused on 
systems which possess optical handles for both ET and PT, allowing us to gather unique 
insight into these important reactions. The development of these systems, specifically the 
probes that can monitor PT reactions, has also allowed us to begin to understand how PT 
occurs in non-aqueous environments in both the ground state and the electronic excited state.  
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CHAPTER 1: INTRODUCTION 
1.1. A Challenge to the Scientific Community 
The past century has been a golden age for the scientific community. The 
development of modern medicine has extended life expectancies to eighty or more years in 
industrialized nations. The birth of air travel has made it possible to reach every corner of 
planet Earth in a single day. Advances in agricultural practices continue to help the planet’s 
population of seven billion grow larger every day. In a nutshell, numerous scientific 
advancements have made the developed world richer, smarter, and more connected than ever 
before. Instrumental to these developments has been access to cheap and abundant energy 
sources – most notably fossil fuels like oil, coal, and natural gas. It is no secret that the 
developed world is heavily reliant on fossil fuels to power vehicles and heat homes, but it 
also needs these natural resources to develop life-saving medicines, and to fertilize and 
harvest crops. The demand for fossil fuels has continued to increase over recent decades as 
the world population grown, and developing countries like China, India, and Brazil crave 
increasing amounts cheap energy.1 While cheap energy is beneficial to economic 
development, the environmental consequences associated with burning unregulated amounts 
of fossil fuels are becoming apparent. Beginning with the Keeling experiments in Mauna Loa 
that monitored carbon dioxide levels in the atmosphere of Hawaii (Figure 1.1), scientists 
have come to realize that the world’s continued reliance on fossil fuels is having adverse 
effects on the natural world through the accumulation of CO2 and other greenhouse gases 
(GHGs) in the atmosphere.1–3 
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 In just the past decade, atmospheric CO2 levels have passed the 400 parts per million 
mark for the first time in a few million years. Scientists are in overwhelming agreement that 
this increase in concentration of carbon dioxide (among other GHGs) is playing a role in 
warming the planet.1–3 Compounding this, the world’s population is estimated to grow to a 
level of 9 billion by 2040.1 Demand for energy, food, transportation, and medicine will only 
increase with population growth. A continued reliance solely on fossil fuels to meet demand 
for these needs will result in staggering and unpredictable environmental consequences to 
society. As such, the scientific community is facing a challenge of historic and 
unprecedented challenge. Politics and economics will continue to dictate that fossil fuels are 
widely used, so the time is now for scientists to develop new technologies that force society 
to rethink how our world is powered – the livelihood of future generations depends on it. 
1.2. A Multifaceted Solution 
Though the energy and environmental challenges facing society have been well 
documented, strategies to develop sustainable solutions to address these challenges have been 
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Figure 1.1 Keeling curve showing the monthly average concentration of atmospheric CO2 at 
the Mauna Loa Observatory in Hawaii. (Data Source: Scripps Institute of Oceanography, 
scrippsco2.ucsd.edu). 
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pursued to limited degrees of success. Wind energy has long been used to carry out work, 
and advances in turbine technology have allowed for the development of wind turbines that 
generate appreciable amounts of electricity. The conversion of biomass to useable fuels has 
long been touted as a potential pathway to synthesize liquid fuels from renewable feedstocks. 
Geothermal energy can be harvested on both small and large scales to heat water and 
generate electricity. Most notably, solar photovoltaic cells (PVs), devices that convert solar 
photons directly to electricity, have rapidly developed in their efficiency. These advances 
have translated to a steep increase in adoption of this technology amongst developed and 
developing nations.  
The continued adoption of solar technologies is particularly encouraging as the solar 
flux bombarding the earth each hour (4.3 x 1020 J) is roughly equivalent to the energy 
consumed by the entire planet in one year.2 Solar energy is abundant, free, and while some 
geographic areas may have a larger influx, there is not a small oligarchy controlling the 
collection and distribution of this energy source (like the current petroleum economy). 
However, a downfall of current solar technologies (notably PVs) is that the electricity 
produced must be utilized immediately. Storage of this energy is not currently viable using 
traditional battery storage methods. While research is being carried out to develop efficient 
and robust batteries that can operate on the large scale necessary, another storage approach 
has developed that draws inspiration from the natural world: storing solar energy in chemical 
bonds of fuels. 
1.3. Nature’s Roadmap to a Solar-Powered Future 
Conveniently, nature has provided a detailed blueprint on how to harvest and store 
solar energy in chemical bonds. In green plants, the process of photosynthesis utilizes 
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sunlight to drive the oxidation of water and reduction of carbon dioxide to produce oxygen 
and store energy in the form of carbohydrates (Figure 1.2).  
 
Figure 1.2. Schematic representing green plants’ use of solar energy to catalyze the transformation of 
water and carbon dioxide into oxygen and carbohydrates.  
Not only does nature provide insight into storing solar energy in chemical bonds, it 
demonstrates this process using H2O and CO2 as reactants. Both of these inputs are cheap and 
abundant, thus their utilization as reactants for a renewable fuel process is of great interest to 
the scientific community.4–9 Both CO2 and H2O are highly stable molecules, meaning the 
photosynthetic reactions involving these substrates do not proceed spontaneously and thus 
require an input of energy to be carried out. The full equation and thermodynamic potential 
for water oxidation in aqueous solution is shown below as an example (Equation 1.1).  
Equation 1.1 
  
In nature, H2O oxidation is carried out in Photosystem II (PSII), with the process 
beginning in chlorophyll P680. Chlorophyll P680 absorbs a photon and quickly undergoes 
H2O & CO2 O2 & C6H12O6
2H2O O2 + 4H+ + 4e- E° = 1.23 – 0.059(pH) (V vs. NHE)
5 
 
electron transfer (ET) to a nearby pheophytin molecule to generate a powerful oxidant 
P680●+. A nearby tyrosine (YZ) is oxidized by P680●+, with proton-transfer (PT) from YZ to 
Histidine 190 (His190) coupled to this ET reaction (Figure 1.3). 
 
 
 
 
Oxidized, deprotonated YZ then goes on to oxidize the oxygen evolving complex 
(OEC), a cluster of four manganese ions and one calcium ion that carries out the actual water 
oxidation event, regenerating YZ upon reprotonation by His190. This process of photon 
absorption and coupled ET and PT steps must be completed four times before the OEC has 
the necessary oxidative strength to fully oxidize two equivalents of H2O. In the case of 
photosynthesis, the protons released are used to regenerate NADPH; however, in a solar fuels 
device, these protons could be used for a number of fuel forming reactions. The efficient 
reduction of protons to H2 would generate a storable fuel, or the coupling of CO2 reduction to 
proton transfer could potentially generate valuable feedstocks like formic acid, methanol, or 
methane. Developing either of these potential strategies would be a significant achievement 
in developing new energy technologies.10–12  
1.4.Proton-Coupled Electron Transfer 
A defining characteristic of water oxidation is the movement of multiple protons and 
electrons. Reactions of this type, appropriately referred to as proton-coupled electron 
transfer (PCET) reactions, were first described in 1981 by T.J. Meyer, and have been widely 
P680 Yz OH N NH His190
e-
H+
Figure 1.3. ET and PT between TyrosineZ, Histidine190, and Chlorophyll P680 in Photosystem 
II. Figure adapted with permission.31 
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investigated over the past few decades.13–16 PCET reactions are generally described using a 
square scheme (Figure 1.4) where the PCET process can proceed through three different 
mechanisms. The first two are stepwise mechanisms where either initial ET is followed by 
PT, or vice versa (edges of the square scheme). Conversely, in a concerted proton-electron 
transfer (CPET) reaction, both the proton and electron move in a single kinetic step, avoiding 
possible high-energy, charged intermediates (diagonal).  
 
Figure 1.4. Square scheme denoting the three pathways for a single proton-coupled electron transfer 
event. The outside of the square shows the stepwise pathways, ET-PT or PT-ET, while the diagonal 
shows the concerted pathway, CPET. 
PCET reactions are vital to important reactions like water oxidation and proton 
reduction, and thus a comprehensive understanding of PCET is desired. For any particular 
PCET reaction, that understanding involves elucidating the mechanism of reactivity, 
developing a thermodynamic picture of the system, and extracting relevant kinetic 
information about the process. Further, using that knowledge to understand which parameters 
control PCET is vital to the development of technologies relying on these reactions, in 
particular solar fuel production. However, determining mechanism, rate information, and 
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parameters governing PCET reactivity are not easy tasks as the current techniques employed 
to study these reactions rarely give a comprehensive picture of the reaction of interest.17,18 
1.5. PCET of Phenols in Non-Aqueous Solvent Environments 
PCET is a massive field that covers a variety of substrates and solvent systems 
(aqueous vs. non-aqueous, for example).16,17,19,20 As such, the scope of the studies discussed 
here includes PCET as it relates to phenols (and phenol derivatives) in non-aqueous solvents. 
Phenols are often used in PCET studies as they are structural models for biologically relevant 
PCET reactions that involve tyrosine; YZ in PSII is a notable example.7 They are also used 
because the sterics and electronics of phenols can be easily tuned, and phenoxyl radicals (the 
PCET product of phenols) are moderately stable with spectroscopic signatures in the visible 
region.16,17 These reactions are often coupled to stopped-flow rapid-mixing21–25 and laser 
flash photolysis methods.26–32 Electrochemistry is also widely utilized,33–38 and can be 
especially useful as a complementary technique to time-resolved measurements. There are 
also a few groups making valuable contributions to the field using theoretical and 
computational methods.14,18,39–41 In this subset of PCET, studies have focused on 
understanding how a few important variables affect both the rate and mechanism of PCET: 
how does the overall driving force affect the reaction, what effect does hydrogen bonding 
have on PCET, and how does PT/ET distance affect the overall PCET process?  
Mayer et al. have pioneered the use of stopped-flow rapid mixing to study the PCET 
reactivity of substituted phenols, including phenols with pendant amines and N-heterocycles 
(e.g. pyridines) that hydrogen bonds to the phenolic proton (Figure 1.5).22,42–45  
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Figure 1.5. General motif used by Mayer to study PCET in phenols hydrogen-bound to a nearby 
amine. Oxidation of the phenol, ET, (usually by a chemical oxidant, A+) generates an acidic phenol 
radical cation that undergoes PT to the nearby amine. Figure adapted with permission.42 
An early publication using this motif examined how driving force affects the PCET reactivity 
of one of the aforementioned hydrogen bonded phenol-amine compounds.42 Five nitrogen-
based oxidants of varying strength were used, and kinetic isotope effects (KIEs) and 
thermochemical arguments suggested a CPET mechanism for all oxidants used. A plot of the 
rate of ET versus driving force was fit with the adiabatic Marcus equation (Equation 1.2), 
yielding a large intrinsic barrier of λ = 34 kcal mol-1.  
Equation 1.2  
𝑘 =  10!! ∗ exp [ (𝜆 + ∆𝐺°)!4𝜆𝑘!𝑇 ] 
This large barrier is similar to what that observed by Hammarström and co-workers for an 
aqueous system involving the oxidation of a tyrosine tethered to Ru(bpy)32+ (λ = 55 kcal mol-
1).46 In both cases, this large kinetic barrier is overcome by the fact that the possible stepwise 
intermediates are charged, high-energy species, favoring the CPET mechanism. 
This was followed by one of the first detailed analyses of bi-directional CPET.47 
Using various chemical oxidants, three substituted-phenols containing differing pendant 
amines (imidazole, pyridine, primary amine – all of the same general motif in Figure 1.5) 
exhibited CPET behavior upon mixing (KIEs and thermochemical arguments were used to 
support this assignment). This reaction was also well-described by the adiabatic Marcus 
tBu
tBu
O NH2
H
tBu
tBu
O NH2
H
PCET
+  A+ +  A
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equation, and it was noted that large intrinsic barriers to CPET cause CPET rate constants to 
be slower than those for simple ET reactions in organic systems with comparable driving 
forces. Most interestingly, the authors observed that varying the structure of the proton 
acceptor had a drastic effect on the rate of CPET, even though the driving force was the same 
across the three molecules studied.  
In another example examining how driving force influences PCET reactivity, Mayer 
et al. synthesized seven phenol-amine compounds, where the amine was an imidazole with 
various electron donating and withdrawing substituents.45 The initial goal was to influence 
the nature of the hydrogen bond between phenol and amine by varying the electronics of the 
amine, and to determine whether this affected PCET reactivity. As previously seen, all seven 
compounds react via CPET upon mixing with a chemical oxidant. However, the rate of 
CPET correlated only with the driving force for reactivity. This is in contrast to the 
previously described paper where the driving force was the same, but rate of CPET varied as 
the structure of the proton acceptor was changed.43 The authors note that comparing reactions 
at similar driving forces allows one to observe “more subtle effects of structure and 
substituent effects on other features of CPET.”45 
Mayer has also used the phenol-amine motif (Figure 1.5) to investigate how varying 
the proton-donor acceptor distance can affect the rate of PCET.22 Using two amino-phenols 
with differing proton acceptors – one a traditional primary amine, the other an amino-indanol 
– PCET occurs in concerted fashion as similarly describe in the aforementioned studies. The 
amino-indanol has a PT distance between 0.13 – 0.16 Å greater than that of the phenol-
amine, and simple tunneling and kinetic models predict this longer donor distance to 
significantly slow down reactivity. Surprisingly, however, no dependence on the PT distance 
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is observed for the rate of CPET (1.4 – 2.8 x 104 M-1s-1). Because multiple parameters (not 
just PT distance) are affected by the change in proton acceptor, this study highlights the 
complexity of PCET reactions and associated challenges of controlling them.  
In another example of distance effects in thermal PCET, Mayer et al. synthesized a 
ruthenium terpyridine-4’-carboxylate complex containing 11.2 Å of separation between the 
carboxylate anion and the ruthenium center.48 The oxidized Ru(III) form of this complex was 
isolated, and stopped-flow rapid-mixing was used to initiate PCET with the hydrogen atom 
donor TEMPOH. TEMPOH reduced Ru(III) to Ru(II) and transferred a proton to the 
carboxylate anion in a bidirectional PCET process. Despite the fact that electrochemical 
experiments show no communication between the ruthenium and carboxylate ligand (the pKa 
of the molecule does not change with oxidation state of the ruthenium), this reaction 
proceeds via CPET mechanism as confirmed by thermodynamic analysis and KIEs. Rates for 
this reaction were compared to that of a similar ruthenium molecule containing a 6.9 Å 
distance from metal to carboxylate, and it was found that this shorter molecule, even though 
it has a smaller driving force for the same PCET reaction with TEMPOH, occurred a 
thousand times faster than the longer PCET reaction. This study highlights nicely how PCET 
can be highly distance dependent. 
Distance effects can also be measured in excited-state PCET reactions. Wenger et al. 
have used a Re(I) complex with phenol moiety tethered by p-xylene linkers to study how 
varying donor/acceptor distances affect photoinduced PCET (Figure 1.6).31  
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Figure 1.6. Rhenium (I) tricarbonyl photosensitizers with appended 2,6-di-tert-butylphenol moieties, 
linked via p-xylene linkers (n = 0 – 3). Upon excitation, the phenol is oxidized by rhenium with 
proton transfer to solvent (1:1 H2O/CH3CN) coupled to the oxidation. Figure used with permission.31 
When no p-xylene linker is present, excitation induces the release of the phenolic 
proton, meaning the n = 0 dyad behaves like a photoacid, with no ET observed. For the n = 1 
dyad, the excited complex is quenched via ET from the phenol to rhenium center with no 
KIE observed for ET. A phenoxyl radical is spectroscopically observed via transient 
absorption spectroscopy (TA), providing direct evidence for PT (and it was determined this 
PCET process occurs via stepwise ET-PT. The n = 2 dyad exhibits a similar quenching rate 
via ET as the n = 1 dyad, however no phenoxyl radical is observed in this case. This study 
nicely highlights that strongly coupled donor-acceptor systems exhibit different PCET 
reactivity as compared to weakly coupled donor-acceptor systems. 
Wenger followed this work with a study of the ruthenium(II) analog of the rhenium(I) 
complex previously highlighted.49 In this case, only complexes with n = 0 – 1 p-xylene 
linkers were compared, and the studies were carried out in CH2Cl2 with pyridine as an 
external proton acceptor. No excited-state quenching is observed when pyridine is not 
present in solution, however, upon the addition of pyridine, both complexes exhibit excited-
state quenching with rate constants that differ by two orders of magnitude. TA shows that 
both complexes form the same photoproducts upon quenching, Ru(II) and phenolate, and it is 
proposed that these photoproducts are formed via different mechanisms.  For the n = 0 dyad, 
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spectral and thermodynamic evidence support this molecule reacting like a photoacid without 
coupled electron transfer to the ruthenium center. The n = 1 dyad is thought to react through 
initial PCET, forming Ru(I) and phenoxyl radical, with subsequent ET from ruthenium to the 
phenoxyl moiety. The activation energies for the PCET reactions for these two complexes 
differ by an order of magnitude, and it is thought that this difference gives rise to the 
variations in reactivity. This study highlights the difficulties in observing PCET 
photoproducts while demonstrating again how PCET reactivity can vary when the coupling 
between donor-acceptor is varied. 
Because long-range PCET is an important component of PSII, a thorough 
understanding of the parameters governing the long-range movement of protons and 
electrons is an important step in developing a better understanding of PCET.50 To begin 
untangling this problem, a Ru(bpz)32+ (bpz = 2,2’-bipyrazine) complex with a bpz containing 
one p-xylene spacer bound to a cyanophenol was excited and subsequent PCET reactivity 
monitored using TA spectroscopy. At first glance this molecule appears to act as a photoacid, 
as the phenolate anion signal is observed within 2 µs of excitation – this would be consistent 
with similar studies where no p-xylene linker was present.31,49 However, a KIE of 2.0 is 
determined, and this is used as evidence for initial CPET (too fast to detect photoproducts), 
followed by rapid back ET (from Ru(I) to phenoxyl radical). This reactivity was compared to 
that of a similar complex, one containing an unsubstituted phenol moiety, and while the same 
photoproducts were observed, no KIE was detected. The authors suggest that the 
unsubstituted phenol dyad undergoes initial rate-determining ET, followed by PT to solvent, 
before thermal back ET occurs to form the phenolate anion. While not completely conclusive 
in their assignments of mechanism, this study shows how the presence or absence of an 
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electron-withdrawing group can affect the mechanism by which an excited-state PCET 
process occurs, even when the electron-withdrawing group is some distance from the 
electron acceptor. 
Combining some of the work done by Mayer and Wenger, Hammarström synthesized 
a series of four ruthenium – tyrosine complexes that undergo intramolecular PCET and have 
varying PT distances (Figure 1.7).51  
 
Figure 1.7 Ru(II) photosensitizers linked to hydrogen bonded tyrosine moieties. Upon excitation of 
Ru(II), methyl viologen is used to oxidatively quench the excited state and generate a Ru(III) species. 
Ru(III) initiates PCET via ET from tyrosine to Ru(III) and PT to pendant amine. Figure used with 
permission.51 
Using flash-quench methods to generate a Ru(III) species, PCET occurs via concerted 
mechanism. Each tyrosyl proton is intramolecularly hydrogen bound to a nearby base, though 
the strength and distance of this bond differs among complexes due to the difference in bases 
used and inclusion of methylene spacer. Interestingly, it was determined that CPET occurs 
faster in the two complexes with lower CPET driving forces (complexes 1 and 3, Figure 1.7). 
This is due to these two species having shorter hydrogen bond lengths, giving better proton 
wave function overlap and smaller KIEs. A distance decay constant (β	=	27 Å-1) was also 
determined, highlighting the sensitivity of the rate of PCET to distance of PT. 
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Wenger et al. follow up on this work by Hammarström with two studies that again 
use ruthenium compounds containing phenol moieties that are tethered through p-xylene 
linkers. In the first example,52 complexes with n = 1 – 3 p-xylene linkers are used, and upon 
excitation, the photosensitizer initiates CPET with ET occurring from phenol to ruthenium, 
and PT occurring to a pyrolidine base in solution. By varying the number of p-xylene linkers, 
the distance for the ET component of PCET is increased, and TA was used to monitor how 
varying this distance affects the rate for the PCET process. The overall reaction was 
determined to proceed via CPET, and the rates were comparable to similar studies of simple 
ET.52 Importantly, a value of β = 0.67 ± 0.23 Å-1 for this bidirectional PCET process was 
determined from this data. This is similar in magnitude to that of simple electron tunneling 
across oligo-p-spacers,53 and provides an initial suggestion that a distance dependence for 
rates of CPET are not significantly steeper than typical ET rates.  
The second study again used a Ru(bpy)32+–phenol dyad linked via p-xylene linkers, 
but now methyl viologen was used as an external quencher and imidazole as a proton 
acceptor. Ru(bpy)32+ is excited and rapidly oxidatively quenched to form a Ru(III) species. 
PCET then occurs, with ET occurring from phenol to Ru(III) and PT to imidazole. This 
process was determined to occur via CPET, and another distance decay constant was 
determined for CPET. In this case β = 0.87 ± 0.09 Å-1, which is one of the largest values 
determined for ET across materials of this nature. This provides a second data point 
regarding the effect distance has on the rate of bidirectional CPET. 
A final variable of PCET that has been studied extensively using phenols in non-
aqueous environments is hydrogen bonding. While some of the previously described studies 
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have touched on hydrogen bonding and the role it can play in solution, other studies have 
solely focused on the role hydrogen bonding can play in PCET.  
Mayer and co-workers investigated how the strength of a hydrogen bond in 
pyridylphenols affects the rate of CPET.44 Two phenol-amine compounds were used in this 
study. The first was a phenol with pendant pyridine directly linked to the phenol, and the 
second phenol contained a pendant pyridine linked via methylene spacer. This methylene 
spacer breaks conjugation between pyridine and phenol, and crystallographic evidence 
suggests the pyridine ring twists out of plane when H-bonding to phenol, making the O--N 
distance 0.13 Å greater for the compound with the methylene spacer. The CPET reaction for 
these two compounds was monitored, and the species without a spacer reacts 25-150x faster 
(depending on the oxidant) than the compound containing the spacer, even though the proton 
acceptor is the same in both molecules. Rates for the spacer-containing compound were 
comparable to those of a phenol-primary amine compound (also not conjugated to the 
phenol), suggesting the nature of the base in this example is not important. The authors 
conclude that conjugation has a marked effect on the nature of the hydrogen bond, which is 
reflected in the rates of CPET.  
Similar complexes were also utilized by Wenger to begin studying how hydrogen 
bonding between phenols and pyrazine can affect the favorability of either ET or PT in a 
PCET reaction. Using two rhenium (I) tricarbonyl diimine complexes, containing a 
bipyrazine (bpz) and pyridine (pyr) ligands, the other with a bipyridine (bpy) and pyrazine 
(pyz) ligand, the authors were able to favor either ET or PT from p-cyanophenol to the 
excited rhenium complex (Figure 1.8).30  
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Figure 1.8. Photoexcited rhenium complexes containing (left) a bipyrazine and pyridine ligand (to 
favor PT, disfavor ET), and (right) a bipyridine and pyrazine ligand (to disfavor PT, favor ET). Figure 
used with permission.30 
In the case of the bpz-py complex, MLCT excitation occurs towards the bpz ligand, to 
which p-cyanophenol is hydrogen bound. The increased electron density on the bpz ring 
makes PT favorable, but ET to Re(II) less favorable. Conversely, MLCT excitation of the 
bpy-pyz complex occurs towards the bpy ligand. Because p-cyanophenol is hydrogen bonded 
to pyz in this scenario, ET can more easily occur to the rhenium center, while PT is less 
favored. TA was used to observe the photoproducts, and in both cases a PCET reaction 
occurs. Both are most likely to occur via CPET, however, a PT-ET pathway cannot be 
completely ruled out. The most interesting aspect of this study is the fact that bimolecular 
rate constants for quenching of the rhenium compounds are on the same order of magnitude. 
It appears that in this particular case, it does not matter whether the MLCT process occurs 
towards or away from the protonatable ligand, PCET still occurs at roughly the same rate 
(2.0 – 3.6 x 107 M-1 s-1 depending on the complex analyzed and optical technique used). 
Hydrogen bonding in PCET systems is a topic in itself that many researchers have 
found difficult to quantify and accurately describe, thus it is worth discussing some previous 
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examples of hydrogen bonding, and what the current best practices are for measuring and 
accounting for this parameter. Three methods have traditionally been employed to quantify 
this technique. Consider Equation 1.3 where species HA and B can hydrogen bonded in 
solution.  
Equation 1.3 
 
The first method uses UV-vis absorption spectroscopy to quantify the amount of 
hydrogen bonding. Assuming HA has a strong ground-state absorbance feature in the UV-vis 
spectrum, species B should either not have any appreciable absorbance features, or it should 
absorb in a different region of the spectrum from the peak of interest. Beginning with a 
solution of just HA, UV-vis spectroscopy should be used to monitor the shift of the HA 
absorbance feature as known concentrations of species B are titrated into solution. This is 
comparable to a spectrophotometric titration,23,32 and is highlighted in a seminal PCET paper 
by Linschitz et al.54 This technique becomes challenging however, when peaks overlap or 
there is no absorbance shift upon addition of HA to B. 
The second method uses steady-state luminescence quenching to quantify the amount 
of hydrogen bonding. This method was first proposed in 2007 to quantify a proposed excited-
state hydrogen bonding adduct that was not present in the ground state.55 It has subsequently 
been used in a variety of PCET papers,56,57 however this method has recently come under 
scrutiny.52  
The final technique uses nuclear magnetic resonance (NMR) to quantify hydrogen 
bonding between two species. By monitoring the chemical shift for the acidic proton on HA 
while adding increasing amounts of B, an association constant can be extracted by plotting 
B   +   HA HAB
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the chemical shift against the concentration of B added. This has been used successfully to 
quantify the extent of hydrogen bonding and is the recommended method for doing so if 
experimental conditions allow.12,58,59 
1.6. New Optical Methods for Monitoring PCET 
Stopped-flow rapid-mixing coupled with optical monitoring, TA spectroscopy, and 
electrochemistry are all well understood and valuable techniques for studying PCET 
reactions. They complement one another well and have served as the tools for much of the 
advancement in the field. However, a shortcoming that prevails throughout these techniques, 
and the chemistry exploited while using them, is that few PCET processes can be directly 
monitored in their entirety. That is to say, observing both the ET and PT components of a 
PCET reaction is no easy task. This is largely due to the fact that electron movement is much 
easier to monitor than proton movement. With stopped-flow spectroscopy, an electron 
transfer event is typically observed by monitoring the disappearance of the visible 
absorbance of a chemical oxidant (ET). In TA, transition metal complexes are employed as 
photosensitizers for initiating PCET, as a change in oxidation state typically results in an 
observable spectroscopic change. Electrochemistry was developed to strictly monitor ET by 
measuring the flow of electrons into and out of an electrode. None of these techniques are 
inherently useful methods for measuring PT reactions, and this is a problem when PT 
represents half of the reaction being studied. Instead, researchers have relied on KIEs and 
thermochemical analysis to rule out various mechanisms, meaning very few studies have 
directly monitored PT in a PCET reaction. Therefore, developing methods that provide a 
spectroscopic handle for both ET and PT events would be highly beneficial for studying both 
steps in a PCET reaction. Further, as our goal is to eventually develop a device that uses light 
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to drive the transformation of small molecules, like H2O, into energy rich fuels, developing 
methods that can study excited-state PCET processes would be particularly valuable. Very 
few of the studies described above (and in the broader context of all PCET research) have 
been able to study excited-state PCET reactions, leading to a lack of understanding of these 
processes when comparing what is known about their thermal counterparts. As such, the 
studies described within seek to develop new methods for studying both ET and PT, 
particularly in the excited state, in order to gain insight to aid in the development of solar 
fuels technologies.  
In the following chapters, this dissertation will describe the use of a commercially 
available N-heterocycle to initiate and monitor an excited-state PCET reaction, as well as a 
series of molecules that have been developed to monitor PT reactions in both the ground-
state and excited-state. The first study described centers around acridine orange (AO), a 
commercially available N-heterocycle that displays a red-shifted visible absorbance feature 
upon protonation.32 TA was used to monitor the reactivity of AO when excited in the 
presence of tri-tert-butylphenol (ttbPhOH). Spectral evidence, supported by 
spectroelectrochemistry and thermochemical calculations, clearly showed that excited AO 
reacts with ttbPhOH to form acridinium orange radical (AOH●) via excited-state CPET. 
Recombination was observed to occur via ET-PT, and again the spectroscopic evidence was 
supported by thermochemical calculations. Rates for each of the processes were determined 
by monitoring kinetics at specific wavelengths, rounding out a comprehensive spectral and 
kinetic picture of the reaction between AO and ttbPhOH. 
The rest of the dissertation focuses on a series of 2,4-R-7-dimethylaminoquinolines 
(R-7DMAQ), that have been synthesized, characterized in acetonitrile, and employed as 
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optical probes for PT reactions. These molecules are particularly useful for this type of 
reactivity because upon protonation, the UV-visible absorbance of these R-7DMAQs 
undergoes a significant red-shift, providing an excellent spectroscopic handle for optically 
monitoring PT. By varying the substituent at the 2- and 4- positions, the electronics of each 
R-7DMAQ are changed, providing both spectroscopic and pKa tunability. Dubbed 
“photometric bases,” four of these molecules were used in stopped-flow studies to monitor 
PT, while the decay of the absorbance of the chemical oxidant (used to initiate PCET by 
oxidizing p-aminophenol) was used to monitor the ET step. The rate of PT showed a 
dependence on the pKa of the conjugate acid of the R-7DMAQ employed, which could be 
explained by either transition state theory or by Marcus-type nonadiabatic PT.  
The fifth of these R-7DMAQs was used as a photosensitizer for excited-state proton 
transfer (ESPT) reactions. The conjugate acid of 2,4-bis(3,5-trifluoromethyl)-7-
dimethlaminoquinoline (CF3-7DMAQ) has a pKa = 11.5 in acetonitrile. Upon excitation, 
CF3-7DMAQ becomes much more basic; it’s conjugate acid has an excited-state pKa = 17.7. 
Using two types of time-resolved spectroscopy, CF3-7DMAQ was excited in the presence of 
a series of acids with pKa’s ranging from 15.0 – 17.9, and both the forward and back PT were 
monitored. The forward PT reaction was observed by monitoring quenching of the 
fluorescence of CF3-7DMAQ (30 ns lifetime). TA was also used to monitor forward PT as 
the growth of the conjugate acid of CF3-7DMAQ is easily observed at 490 nm. 
Recombination occurs over longer timescales (~200-300 µs) and was also monitored using 
TA. Data show a linear free energy relationship for the thermal back PT, however hydrogen 
bonding complicates measurements for forward PT. NMR titrations were used to quantify 
21 
 
hydrogen bonding in order to explain the observed rate constants for the forward process, and 
provide insight into the role hydrogen bonding plays in static quenching processes. 
By studying the PT component in all of these systems, a few trends have become 
clear. In the case of acridine orange, monitoring the PT component of the reaction allowed 
for direct detection of the PT product in an excited state PCET reaction, and the 
determination that recombination for this system occurred in stepwise ET-PT fashion. Using 
photometric bases to monitor PT in stopped-flow studies also provided a complete picture of 
the mechanism for this PCET process, but also was critical in observing a free energy 
relationship between the rate of PT and driving force for reactivity. Lastly, monitoring PT in 
the excited state provided another example of a free energy relationship for PT reactions, and 
also key insight into the effect hydrogen bonding can have on an excited state process. 
This work described in this dissertation aims to develop new methods for monitoring 
PT and PCET for the purpose of extracting relevant kinetic information regarding PCET 
reactions. By using N-heterocycles whose optical signatures shift upon a change in 
protonation state, both excited-state and ground state PT events were monitored by a variety 
of techniques. As work in this field advances and a better understanding of excited-state 
PCET is developed, it is hoped that this knowledge will be used to develop catalysts that 
function efficiently in new, sustainable energy devices. 
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CHAPTER 2:  PHOTO-INDUCED PROTON-COUPLED ELECTRON TRANSFER 
REACTIONS OF ACRIDINE ORANGE: COMPREHENSIVE SPECTRAL AND 
KINETICS ANALYSIS  
Reprinted with permission from Eisenhart, T.T. and Dempsey, J.L. Photo-induced Proton-
Coupled Electron Transfer Reactions of Acridine Orange: Comprehensive Spectral and 
Kinetics Analysis. J. Am. Chem. Soc., 2014, 136, 12221-12224. © 2014 American Chemical 
Society. 
2.1. Introduction 
Proton-coupled electron transfer (PCET) processes are central to the conversion of 
small molecules to energy-rich fuels.1,2 Harvesting solar energy to achieve these challenging 
transformations is an increasingly attractive option as the need for alternative energy 
resources becomes more pressing. Investigation of PCET in biological systems and in 
molecular models provides a general understanding of PCET processes between molecules in 
their electronic ground states,1–6 but comparatively little is known about PCET reactions of 
electronically excited molecules.7–9 In response, we are undertaking mechanistic studies to 
provide a comprehensive understanding of excited-state PCET reactions. Rationalizing how 
to integrate light absorption and H+/e- transfer will facilitate the design of new systems that 
can effectively couple energy capture and conversion. 
A great deal of research has focused on the thermal PCET reactions of phenol 
substrates, in part because of the importance of tyrosine radicals in biological systems such 
as photosystem II and ribonucleotide reductase.1,2,4,5,10 As a result, the PCET 
thermochemistry for a great many phenols is well established, including parameters for 
concerted proton-electron transfer (CPET) and stepwise electron transfer-proton-transfer 
(ET-PT) and proton-transfer-electron transfer (PT-ET) pathways.11 By coupling this 
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information to excited-state reduction potentials (obtained via modified Latimer 
diagrams12,13) and excited-state pKa values (determined from Förster cycles14,15), a 
thermochemical picture of excited-state PCET reactions can be developed.8 
 
 
Figure 2.1 PCET square scheme incorporating ground and excited state reactivity. 
  
2.2. Discussion and Results 
Here we describe the detailed mechanistic study of a system that undergoes excited-
state PCET followed by a thermal PCET reaction that yields the reactants in their electronic 
ground states. Our model system is based on acridine orange (AO), a Brønsted base and a 
mild excited-state oxidant16 that undergoes efficient intersystem crossing to a π-π*–based 
triplet state.16,17 Employing AO, we phototrigger the PCET oxidation of tri-tert-butylphenol 
(ttbPhOH) in CH3CN and track the reaction intermediates with time-resolved spectroscopy. 
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3*AO can react with ttbPhOH through a concerted pathway or one of several stepwise PCET 
reaction pathways (Figure 2.1). The strong absorption features of AO (λmax = 425 nm, ε = 
25,000 M-1 cm-1) and the corresponding acridinium (AOH+, λmax = 495 nm, ε = 62,500 M-1 
cm-1) provide spectroscopic handles for determining the AO protonation states; the oxidation 
states of these species can also be assessed optically. Analysis of the transient absorption 
(TA) spectra and corresponding kinetics traces provides a complete picture of the light-
induced PCET oxidation of phenol and the subsequent thermal reaction.  
 
Figure 2.2 Spectrophotometric titration of acridine orange was used to determine the pKa in CH3CN. 
AO was first completely protonated with 1 equivalent of HBF4·Et2O before being titrated with 
additions of triethylamine (pKa =18.3). An absorbance spectrum was obtained before and after 
protonation, and after every addition of Et3N. The pKa of AO (pKa =19.3) was determined using the 
method of Saouma et al.3 
 
In the absence of reactive O–H bonds, TA spectra of AO in CH3CN (Figure 2.3) were 
recorded at time intervals between 100 ns and 100 µs following excitation (λex = 425 nm) 
reveal three features: new absorptions centered at 410 and 540 nm corresponding to the 
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triplet excited state of (3*AO) and a bleach centered at 435 nm due to the loss of the ground 
state AO absorption.  
 
Figure 2.3. Transient difference spectra of 40 µM AO in CH3CN at selected time delays after laser 
excitation. λex = 425 nm, 0.1 mM [Bu4N][PF6]. 
 
These transient features decay non-exponentially: 3*AO undergoes first-order decay 
through a nonradiative process (knr), reacts through a triplet-triplet interaction (kTT) to 
produce the corresponding radical cation (AO+) and radical anion (AO–), and is quenched by 
ground state AO (ks).16–18 Transient features and decay rate constants determined from 
modeling single wavelength kinetics traces are similar to those reported in water at pH 12 
(Figure 2.4).16 
30 
 
 
Figure 2.4 Decay of the triplet excited state of AO monitored at 560 nm in CH3CN (line) and the 
corresponding simulated spectrum (markers).  Rate constants determined from the simulation and the 
values previously determined in water at pH 12:4 knr (300 s-1, lit: 300 s-1), kTT (5.3 × 109 M-1 s-1, lit: 
5.5 × 109 M-1 s-1), kS (1.0 × 108 M-1 s-1, lit: 3 × 108 M-1 s-1). kAOH was determined independently (4.0 × 
104 s-1).  40 µM AO, λex = 425 nm, λobs = 560 nm, 0.1 M [Bu4N][PF6]. 
 
In the presence of ttbPhOH, we observe accelerated decay of the 3*AO transient 
absorption features (410 and 540 nm) (Figure 2.5). Between 100 ns and 10 µs, the blue 
absorption feature undergoes a bathochromic shift to 425 nm. This new feature is consistent 
with the formation of a neutral acridine radical (AOH•), the absorption spectrum (λmax = 425 
nm, ε ≥ 6,500 M-1 cm-1) of which was measured independently via reduction of AOH+ in a 
spectroelectrochemical cell (Figure 2.6). The concurrent growth of a small signal at 400 nm 
indicates the formation of ttbPhO• (λmax = 400, ε = 2,120 M-1 cm-1).19   In the time interval 10–
100 µs, the AOH• signal decays and a transient bleach centered at 425 nm, assigned to the 
loss of AO, appears on the high-energy side of the spectra. Most notably, the spectra 
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recorded in the time interval 4–100 µs are dominated by the growth of a prominent feature at 
495 nm, which is consistent with production of AOH+.   
 
Figure 2.5 Transient difference spectra of A) 40 µM AO and 1 mM ttbPhOH and B) 40 µM AO and 3 
mM TEMPOH in CH3CN at selected time delays after laser excitation. λex = 425 nm, 0.1 mM 
[Bu4N][PF6]. 
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Figure 2.6 Spectroelectrochemistry of 40 µM AOH+ in CH3CN. Optical spectra of AOH+ were 
recorded in a spectroelectrochemical cell as applied potentials were stepped to increasingly negative 
values (hold time = 3 s). Bleaching of the characteristic AOH+ absorption feature (λmax = 495 nm) is 
accompanied by growth of a new feature at 425 nm, which we assign to the product of direct 
reduction, AOH•.5 A clean isosbestic was not observed, suggesting that AOH+ is not cleanly 
converted to the acridinium radical, AOH•. This observation is consistent with the irreversibility 
observed in CV experiments (Figure S9). Based on the molar extinction coefficient for AOH+ (ε = 
18,000 M-1 cm-1), we estimate a lower limit for ε(AOH•) of 6,500 M-1 cm-1. Spectra were recorded 
with a honeycomb platinum working electrode (Pine Instruments), a platinum counter electrode and  a 
Ag pseudo-reference electrode. We were unable to reference the applied potentials directly to 
ferrocene with this electrochemical cell. As such, these spectra are referenced only to the silver 
pseudoreference (Ag+/0) and the results are qualitative, not quantitative. 
 
For comparison, we also explored excited-state PCET reactivity of AO in the 
presence of 2,2′-6,6′-tetramethylpiperidine-1-ol (TEMPOH), a well-documented PCET 
reagent that favors CPET over stepwise mechanisms.11 As for ttbPhOH, added TEMPOH 
quenches the triplet absorbance features of AO at 410 and 540 nm (Figure 2.5). The 
appearance of AOH• (425 nm) is observed on the timescale 100 ns – 10 μs. The concurrent 
detection of TEMPO• is not expected (λmax = 463 nm, ε = 10 M-1 cm-1).20 In contrast with the 
reactivity of ttbPhOH, no dominant signal at 495 nm appears. The signal corresponding to 
AOH• decays on the 100 µs timescale. 
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Optical detection of discrete intermediates aids evaluation of H+/e– transfer 
mechanisms for reactions between 3*AO with ttbPhOH or TEMPOH. The mechanisms 
indicated in Figure 2.7 and Figure 2.8 are consistent with the spectral evidence for reaction 
intermediates. 3*AO is quenched by CPET from both ttbPhOH and TEMPOH to form ttbPhO• 
and TEMPO•, respectively, along with AOH•. This reactivity is presumed to occur through a 
hydrogen-bonded encounter complex, consistent with previous reports of photo-induced 
PCET reactions in organic solvents.21–23  
 
Figure 2.7 Mechanism of reactivity and recombination of 3*AO + ttbPhOH. 
 
Figure 2.8 Mechanism of reactivity for 3*AO and TEMPOH. 
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After formation of the excited-state CPET products, thermal back-PCET ensues to 
yield the ground state reactants. Thermochemical analysis (Section 2.5) indicates that ET-PT 
and CPET processes are both reasonable pathways for the reaction of ttbPhO• and AOH• 
because they circumvent high energy intermediates (in contrast, initial PT has Δ𝐺!"°  = 49.9 
kcal mol-1).  
Spectral observation of the initial ET product (AOH+) indicates the reaction proceeds 
via the stepwise ET–PT pathway. Specifically, the AOH• formed by excited-state CPET is a 
moderate reductant which can reduce ttbPhO• (Δ𝐺!"°  = –20.8 kcal mol-1) and accordingly, ET 
from AOH• to ttbPhO• proceeds to form AOH+ and ttbPhO–, detected by the decay of the 
transient AOH• signal and the appearance of the AOH+ absorption feature. Similar reactivity 
was noted for reactions of phenyl thiyl radical with 9-mesityl-10-methylacridinium; the 
former acts as an oxidant in a photoredox catalysis scheme.24 The products of this sequential 
excited-state CPET–thermal ET sequence are equivalent to a net-PT process, reminiscent of 
reactivity proposed for ruthenium–phenol dyads.21,25,26 Subsequently, AOH+ and ttbPhO– 
recombine via PT to form the ground state reactants, detected by the decay of the AOH+ 
signal. 
By contrast, the thermal back-PCET reaction of AOH• and TEMPO• proceeds via 
CPET to form the ground state reactants in the time interval 1–100 µs. This assignment is 
consistent with both spectral observations and the thermochemical preference of TEMPO• to 
react via CPET pathways (Δ𝐺!"#$°  = –21.7 kcal mol-1, Δ𝐺!"°  = +8.1 kcal mol-1, Δ𝐺!"°  = +50.1 
kcal mol-1). The diverging thermal reactivity of AOH•	with ttbPhO• vs. TEMPO• is attributed 
to the different thermochemistry of the two systems.11  
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The spectral profiles of the AO-derived intermediates allows for detailed kinetics 
analyses. The quenching of 3*AO by ttbPhOH was monitored by single wavelength TA at 560 
nm (Figure 2.10). Quenching is enhanced with increasing concentrations of ttbPhOH, but the 
excited-state decay is non-exponential. A kinetics model (based on Figure 2.7) accounting for 
the intrinsic decay pathways of AO was used to describe the photo-induced PCET reaction 
scheme between AO and ttbPhOH and subsequent thermal reactivity. Intrinsic reactivity of 
3*AO (above) is described by rate constants knr, kTT, and kS, respectively. The presence of 
trace amounts of AOH+ in solution is accounted for by the independently measured rate 
constant kAOH (4 × 105 s-1), which describes the relaxation of 3*AOH+ (Figure 2.9).  
 
Figure 2.9. Decay of the triplet excited state of AOH+ in CH3CN monitored at 560 nm. Kinetics were 
fit with a single exponential decay to yield kAOH = 40,000 s-1. 40 µM AOH+, λex = 495 nm, λobs = 560 
nm, 0.1 M [Bu4N][PF6]. 
 
Excited-state CPET is described by kCPET. Though not detectable at 560 nm, ET from 
AOH• to ttbPhO• (kET) and PT from AOH+ to ttbPhO– (kPT) complete the model. Rate 
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constants for these processes were determined from kinetics traces recorded at 460 nm and 
are discussed below. 
 
 
Figure 2.10. Kinetics traces (lines) of 40 µM AO with 0–1000 µM ttbPhOH in CH3CN and the 
simulated spectra (markers). λex = 425 nm, λobs = 560 nm, 0.1 M [Bu4N][PF6]. 
 
Kinetics simulations were performed with a series of differential equations derived 
from the kinetics model described in Section 2.6. The rate law for the coupled reactions was 
solved numerically with an ordinary differential equations solver. Vectors describing initial 
concentration of reactants, intermediates and products, the time interval for analysis, and rate 
constants were provided as inputs to solve the initial value problem. The time-dependent 
concentration profiles produced for each species were translated to simulated TA difference 
spectra by applying the Beer–Lambert law and summing the absorbance values for each 
species. Rate constants were adjusted iteratively to simulate the kinetics traces for a series of 
five samples (0–1000 µM ttbPhOH) to obtain a self-consistent set of rate constants. Rate 
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constants independently determined (knr, kTT, kS, kAOH) for intrinsic decay processes were 
fixed at these values in order to give the most accurate rate constants for the other processes. 
The second-order rate constant determined for excited-state CPET is 3.7 × 108 M-1 s-1. 
The analogous reaction for 3*AO and ttbPhOD is slightly slower (kCDET = 2.9 × 108 M-1 s-1, 
KIE = 1.3) (Figure 2.11).  
 
Figure 2.11. Kinetics traces (lines) of 40 µM AO with 0–1000 µM ttbPhOD in CH3CN and the 
simulated spectra (markers). knr (300 s-1), kTT (5.3 × 109 M-1 s-1), kS (1.0 × 108 M-1 s-1), kCDET (2.9 × 109 
M-1 s-1), kET (5.5 × 109 M-1 s-1), kAOH (4.0 × 104 s-1).  40 µM AO, λex = 425 nm, λobs = 560 nm, 0.1 M 
[Bu4N][PF6]. 
 
This small, but non-negligible KIE is consistent with our assignment of CPET.1,27 The 
second-order rate constant determined through kinetic simulations is a composite of the 
association constant for the formation of the hydrogen-bonded AO–phenol adduct and the 
first order rate constant for intra-adduct CPET. Because of the complexity of the system, we 
cannot directly extract KA and a first order rate constant as has previously been done in 
38 
 
luminescence quenching experiments.21–23 Interpreting hydrogen bonding in the context of 
kinetics analysis is the focus of ongoing study. 
These kinetic details, coupled with thermochemical analysis (Section 2.5), support the 
proposed forward CPET, reverse ET–PT reaction sequence. An activation energy (ΔG‡) in 
the range of +9.9–11.2 kcal mol-1 can be estimated from the kCPET (based on the range of 
[ttbPhOH] investigated).11 Quenching of 3*AO by ttbPhOH via an ET pathway is inconsistent 
with this barrier (Δ𝐺!"°  = +23.1 kcal mol-1). If PT from ttbPhOH to 3*AO is not accompanied 
by excited-state deactivation (3*AOH+ is formed initially, then subsequently relaxes to form 
AOH+), initial PT has a negligible barrier (Δ𝐺!"°  = +1.6 kcal mol-1). Alternatively, if PT is 
coupled to excited-state deactivation of 3*AO, the free energy change for PT (Δ𝐺!"°  = –47.6 
kcal mol-1) indicates this pathway is highly exergonic, though the organic framework does 
not offer a clear mechanism for coupling relaxation.28 However, for both of these initial PT 
pathways, the subsequent ET reaction between AOH+ and ttbPhO– to form the net PCET 
products observed spectroscopically is substantially endergonic (Δ𝐺!"°  = +20.8 kcal mol-1), 
inconsistent with the observed ΔG‡. Further, the large positive Δ𝐺!"°  for the PT–ET pathway 
suggests that the excited-state PT intermediates AOH+ and ttbPhO– should be detectable, but 
they are not observed. Rather, consistent with transient spectral measurements and the 
estimated barrier, 3*AO is quenched by CPET (Δ𝐺!"#$°  = –26.8 kcal mol-1) from ttbPhOH to 
form ttbPhO• and acridine radical AOH•.  
The appearance and subsequent reactivity of AOH+ was monitored at 460 nm as a 
function of AO (and in turn, 3*AO) concentration (Figure 2.12).  
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Figure 2.12. Kinetics traces (lines) of 20–80 µM AO with 500 µM ttbPhOH in CH3CN and the 
simulated spectra (markers). λex = 425 nm, λobs = 460 nm, 0.1 M [Bu4N][PF6]. 
 
Simulations of these kinetics traces per the model described above provides 
additional insight into the subsequent thermal ET and PT steps – ET from AOH• to ttbPhO• 
(kET) and PT from AOH+ to ttbPhO– (kPT). In this analysis, rate constants knr, kTT, kS, kAOH, and 
kCPET determined from simulations of 560 nm kinetics traces were fixed. The rate constant for 
kET is diffusion limited (5.5 × 109 M-1 s-1), consistent with the 900 mV driving force for ET 
(𝛥𝐺!"°  = –20.8 kcal mol-1), and no KIE is observed, as expected.11 Recombination of AOH+ 
and ttbPhO– via PT occurs with a rate constant of 1.0 × 109 M-1 s-1, consistent with the large 
driving force (8.7 unit pKa difference, 𝛥𝐺!"°  = –11.9 kcal mol-1).11 No KIE is observed, as 
anticipated for diffusion-controlled bimolecular PT and consistent with related studies 
(Figure 2.13).29 
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Figure 2.13. Kinetics traces (lines) of 30–90 µM AO with 500 µM ttbPhOD in CH3CN and the 
simulated spectra (markers). knr (300 s-1), kTT (5.3 × 109 M-1 s-1), kS (1.0 × 108 M-1 s-1), kCDET (2.9 × 109 
M-1 s-1), kET (5.5 × 109 M-1 s-1), kPT (1.0 × 109 M-1 s-1), kAOH (4.0 × 104 s-1, see Figure S5).  40 µM AO, 
λex = 425 nm, λobs = 460 nm, 0.1 M [Bu4N][PF6]. 
 
2.3.Conclusions 
In summary, we found that 3*AO reacts with ttbPhOH and TEMPOH via an excited-
state CPET pathway. Excited-state CPET reactions of 3*AO have not, to our knowledge, 
been previously observed. The ensuing reactivity of the CPET products is dictated by the 
thermodynamics of the respective systems—AOH• reduces ttbPhO• but is not a potent enough 
reductant to reduce TEMPO•. Importantly, the unique spectroscopic signatures of the 
reactants, intermediates and products enabled us to monitor each step of the photo-initiated 
and subsequent thermal reactions. The spectral evidence for the aforementioned reactivity is 
supported by kinetics modeling, thermochemical arguments and H/D KIEs. This 
comprehensive picture of excited-state PCET reactivity provides a first insight into the 
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intimate coupling of light absorption with both proton and electron transfer. Harnessing this 
light-driven reactivity will pave new avenues to solar fuel production. 
2.4.Experimental Details 
All solutions for electrochemical or transient absorption analysis were prepared in a 
nitrogen-filled glovebox. The acetonitrile used (Fisher Sci, HPLC, >99.9%) was degassed 
with argon and dried with a Pure Process Technology Solvent System. Reagents were 
purchased from Aldrich, with the exception of TEMPO• (2,2,6,6-Tetramethylpiperidine 1-
oxyl, Chem-Impex Intl.). Acridine Orange was purified by dissolving in methanol and 
precipitating with 0.1 M NaOH before drying in vacuo and storing under inert atmosphere. 
Despite purification, trace amounts of acridinium were still detected in optical spectra. 
ttbPhOH was dried in vacuo and stored under an inert atmosphere. ttbPhOD1 and TEMPOH2 
were prepared according to literature procedures. Tetrabutylammonium hexafluorophosphate 
was recrystallized from absolute ethanol, dried in vacuo, and stored under inert atmosphere. 
Triethylamine and tetrafluoroboric acid diethyl ether complex were degassed via the freeze-
pump-thaw method (three cycles) and stored under inert atmosphere.  
Transient absorption experiments were performed using a commercially available 
laser ﬂash photolysis system (Edinburgh Instruments LP920) with laser excitation (532 nm, 
5−7 ns fwhm, typically 5.0 ± 0.1 mJ/pulse unless stated otherwise, 5 mm beam diameter, 20 
mJ/cm2) provided by a pulsed Nd:YAG laser (Spectra-Physics Quanta-Ray LAB-170-
10)/optical parametric oscillator (VersaScan-MB) combination. To accommodate the pulsed, 
1 Hz intensiﬁcation of the 450 W Xe probe source of the LP920, the laser system was set 
such that the ﬂash lamps were ﬁred at 10 Hz yet Q-switched at 1 Hz. The timing of the 
experiment, including laser and probe pulsing, was PC controlled via Edinburgh software 
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(L900). The LP920 was equipped with a multigrating detection monochromator outfitted 
with a Hamamatsu R928 photomultiplier tube (PMT) in a noncooled housing and a gated 
charge-coupled device (CCD) (Princeton Instruments, PI-MAX3) such that detection was 
software selectable. Single-wavelength transient absorption kinetics were monitored with the 
PMT (10 ns fwhm impulse response function, reliable data out to 400 µs, 300-900 nm) and 
recorded with a Tektronix TDS-3032C oscilloscope. The gated CCD was used for recording 
transient spectra covering the entire visible region (400-850 nm, 3 nm spectral bandwidth) at 
a given time after excitation (10 ns gate width). Data were the result of averaging 40-100 
laser shots. Data were collected at room temperature (295 ± 3 K). All samples for transient 
absorption measurements were prepared in rigorously dry acetonitrile solutions with 100 mM 
[Bu4N][PF6]. Samples were placed into 10 mm path length quartz cuvettes and isolated from 
atmosphere with a Teflon valve. 
Electrochemistry was performed in a nitrogen filled glovebox with a Pine Instruments 
WaveNow potentiostat using glassy carbon working electrodes, a platinum counter electrode, 
and a Ag/AgNO3 (10 mM AgNO3) reference electrode. All scans were performed in 
acetonitrile solutions with 100 mM [Bu4N][PF6] and referenced to the ferrocene/ferrocenium 
couple (Fc+/0). Glassy carbon working electrodes (CH Instruments, 3 mm diameter) were 
polished with 0.3 micron alumina powder and 0.05 micron alumina powder (CH Instruments, 
contained no agglomerating agents), rinsed and ultrasonicated for one minute in HPLC grade 
water to remove residual polishing powder. Spectroelectrochemical measurements were 
performed with a honeycomb platinum working electrode (Pine Instruments), a platinum 
counter electrode and a Ag pseudo-reference electrode in a thin-layer quartz cuvette. 
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2.5.Thermochemical Analysis 
 
Table 2.1. Reduction Potentials in CH3CN 
 
Species E°′ (V vs. 
Fc+/0) 
Reference  
AO0/– ~ –2.4	 This work 
AOH+/• ~ –1.6	 This work 
AO3*/– 0.18	 This work 
AOH3*+/• 0.53	 This work 
ttbPhOH•/– –0.70	 30 
ttbPhOH•+/0 1.18	 30 
TEMPO•/– –1.95	 30 
TEMPOH•+/0 0.71	 30 
 
 
 
Table 2.2. pKa in CH3CN 
Species pKa Reference 
AOH+ 19.3 This work 
AOH• 33.4 This work 
ttbPhOH 28 30 
ttbPhOH•+ –3 30 
TEMPOH 41 30 
TEMPOH•+ –4 30 
 
 
Table 2.3. E00 values in CH3CN 
Species E00 (eV) E00 (kcal/mol) Reference 
AOH+ 2.13 49.2 31 
AOH• 2.58 59.5 This work 
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E00 values for 3*AO and 3*AOH+ 
The E00 (S0→T) for AO has not been measured; but the E00 (S0→T) for AOH+ has been 
experimentally determined.31  
E00 (AOH+→3*AOH+) = +2.13 eV 
From this value, the excited state reduction potential of acridinium triplet can be determined 
from the equation below.32,33  
E°´(AOH3*+/•) = E°´(AOH+/•) + E00(AOH+) = +0.53 V vs. Fc+/0 
By evaluating the electron transfer quenching of the triplet excited states of AO and AOH+, 
Volgelmann has estimated the difference in reduction potentials of 3*AO and 3*AOH+.11  
ΔE°´ = E°´(AOH3*+/•) – E°´(AO3*/–) = +0.35 eV 
From this value, the excited state reduction potential of the acridine orange triplet can be 
estimated. 3*AO is a very weak excited-state oxidant 
E°´(AO3*/–) = +0.18 V vs. Fc+/0 
From this value and the experimentally determined E°´(AO0/–) value , the acridine orange E00 
(S0→T) value can be estimated with the equation below. 
E°´(AO3*/–) = E°´(AO0/–) + E00 
E00 (AO→3*AO) = +2.58 eV 
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ΔG° for proton transfer reactions30 ΔG!"° = −RTln 𝐾! = 2.303RT p𝐾! = 1.37kcal mol!! p𝐾! @ 298 K  
 
XH → X– + H+    ΔG° = (1.37 kcal mol–1) pKa(XH) 
YH → Y– + H+    ΔG° = (1.37 kcal mol–1) pKa(YH)  
XH  + Y– → YH + X–   ΔG° = –(1.37 kcal mol–1) [pKa(YH) –pKa(XH)] 
 
 
ΔG° for electron transfer reactions30 
 ΔG!"° = −F𝐸° = −(23.06 kcal mol!! V!!)𝐸°  
 
Y + e– ⇌ Y–    ΔG°= –(23.06 kcal mol–1 V–1) E°(Y0/–) 
X+ + e–⇌ X    ΔG°= –(23.06 kcal mol–1 V–1) E°(X+/0) 
X  + Y ⇌ X+ + Y–   ΔG°= –(23.06 kcal mol–1 V–1) [E°(Y0/–) E°(X+/0)] 
 
ΔG° for CPET reactions were calculated per Hess’s Law, as shown below. 
Calculation of Excited State pKa for AOH+  
The Förster cycle was utilized to estimate the pKa of 3*AOH+ (pKa*).35-37 
 
p𝐾! − p𝐾!∗ = E!! AOH! − E!! AO2.303RT = E!! AOH! − E!! AO1.37  
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Thermochemical Analysis of Excited State PCET – AO + ttbPhOH 
 
 
 
Electron Transfer  
3*AO + ttbPhOH → AO– + ttbPhOH•+  
ΔG° = –(23.06 kcal mol–1 V–1) [E°( AO3*/–)– E°( ttbPhOH•+/0)] = +23.1 kcal mol-1 
AOH+ + ttbPhO– → AOH• + ttbPhO• 
ΔG° = –(23.06 kcal mol–1 V–1) [E°( AOH+/•)– E°( ttbPhO•/–)] = +20.8 kcal mol-1 
 
Proton Transfer  
AO– + ttbPhOH•+ → AOH• + ttbPhO•  
ΔG° = –(1.37 kcal mol–1) [pKa(AOH•) – pKa(ttbPhOH•+)] = –49.9 kcal mol-1 
  See thermal reaction for details 
 
3*AO + ttbPhOH → AOH+ + ttbPhO–    
ΔG° = –47.6 kcal mol-1 (per Hess’s law, with PT coupled to excited-state 
deactivation, see below) 
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Thermochemical Analysis of Excited State PT pathways – AO + ttbPhOH 
 
 
Proton Transfer  
AO + ttbPhOH → AOH+ + ttbPhO– 
ΔG° = –(1.37 kcal mol–1) [pKa(AOH+) – pKa(ttbPhOH)] = +11.9 kcal mol-1 
Proton Transfer not coupled to excited state deactivation 
3*AO + ttbPhOH → 3*AOH+ + ttbPhO– 
ΔG° = –(1.37 kcal mol–1) [pKa(3*AOH+) – pKa(ttbPhOH)] = +1.6 kcal mol-1 
 
Proton Transfer coupled to excited state deactivation 
3*AO + ttbPhOH → AOH+ + ttbPhO– 
ΔG° = –47.6 kcal mol-1 (per Hess’s Law) 
 
49 
 
Thermochemical Analysis of Thermal PCET – AO + ttbPhOH  
 
 
Electron Transfer 
AOH• + ttbPhO• → AOH+ + ttbPhO–  
ΔG° = –(23.06 kcal mol–1 V–1) [E°( ttbPhO•/–)– E°( AOH+/•)] = –20.8 kcal mol-1 
AO– + ttbPhOH•+ → AO + ttbPhOH 
ΔG° = –(23.06 kcal mol–1 V–1) [E°( ttbPhOH•+/0)– E°( AO0/–)] = –82. 6 kcal mol-1 
Proton Transfer 
AOH+ + ttbPhO– → AO + ttbPhOH 
ΔG° = –(1.37 kcal mol–1) [pKa(ttbPhOH) – pKa(AOH+)] = –11.9 kcal mol-1 
AOH• + ttbPhO• → AO– + ttbPhOH•+ 
ΔG° = –(1.37 kcal mol–1) [pKa(ttbPhOH•+) – pKa(AOH•)] = +49.9 kcal mol-1 
     [pKa(ttbPhOH•+) – pKa(AOH•)] = –36.4 
  pKa(AOH•) = +33.4 
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Thermochemical Analysis of Excited State PCET – AO + TEMPOH 
 
Electron Transfer  
3*AO + TEMPOH → AO– + TEMPOH•+  
ΔG° = –(23.06 kcal mol–1 V–1) [E°( AO3*/–)– E°( TEMPOH•+/0)] = +12.2 kcal mol-1 
AOH+ + TEMPO– → AOH• + TEMPO• 
ΔG° = –(23.06 kcal mol–1 V–1) [E°( AOH+/•)– E°( TEMPO•/–)] = -8.1 kcal mol-1 
Proton Transfer  
AO– + TEMPOH•+ → AOH• + TEMPO•  
ΔG° = –(1.37 kcal mol–1) [pKa(AOH•) – pKa(TEMPOH•+)] = –50.1 kcal mol-1 
  See thermal reaction for details 
3*AO + TEMPOH → AOH+ + TEMPO–    
ΔG° =–29.8 kcal mol-1 (per Hess’s law, with PT coupled to excited-state 
deactivation, see below) 
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Thermochemical Analysis of Excited State PT pathways – AO + TEMPOH 
 
Proton Transfer  
AO + TEMPOH → AOH+ + TEMPO– 
ΔG° = –(1.37 kcal mol–1) [pKa(AOH+) – pKa(TEMPOH)] =  +29.7 kcal mol-1 
 
Proton Transfer not coupled to excited state deactivation 
3*AO + TEMPOH → 3*AOH+ + TEMPO– 
ΔG° = –(1.37 kcal mol–1) [pKa(3*AOH+) – pKa(TEMPOH)] = +19.4  kcal mol-1 
Proton Transfer coupled to excited state deactivation 
3*AO + TEMPOH → AOH+ + TEMPO– 
ΔG° = –29.8 kcal mol-1 (per Hess’s Law) 
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Thermochemical Analysis of Thermal PCET – AO + TEMPOH  
 
 
Electron Transfer  
AOH• + TEMPO• → AOH+ + TEMPO –  
ΔG° = –(23.06 kcal mol–1 V–1) [E°( TEMPO•/–)– E°( AOH+/•)] = +8.1 kcal mol-1 
AO– + TEMPOH•+ → AO + TEMPOH 
ΔG° = –(23.06 kcal mol–1 V–1) [E°( TEMPOH•+/0)– E°( AO0/–)] = –71.7 kcal mol-1 
Proton Transfer  
AOH+ + TEMPO– → AO + TEMPOH 
ΔG° = –(1.37 kcal mol–1) [pKa(TEMPOH) – pKa(AOH+)] = –29.7 kcal mol-1 
AOH• + TEMPO• → AO– + TEMPOH•+ 
ΔG° = –(1.37 kcal mol–1) [pKa(TEMPOH•+) – pKa(AOH•)] = +50.1 kcal mol-1 
   [pKa(TEMPOH•+) – pKa(AOH•)] = –36.5 
    pKa(AOH•) = 32.5 (33.4 in ttbPhOH cycle)  
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2.6. Details of Kinetic Modeling 
 
 
Figure 2.14. Detailed kinetics model of the deactivation and reaction pathways for AO + ttbPhOH 
 
 
Differential equations employed for kinetic models 
 
 ![!∗!"]!" = −𝑘!"[!∗𝐴𝑂]− 𝑘!![!∗𝐴𝑂]! − 𝑘![!∗𝐴𝑂]([𝐴𝑂]− [!∗𝐴𝑂])− 𝑘!"#$[!∗𝐴𝑂][!!"𝑃ℎ𝑂𝐻]  
 ![!!"!!!"]!" =  −𝑘!"#$[!∗𝐴𝑂][!!"𝑃ℎ𝑂𝐻]  
 ![!!"!!!]!" =  𝑘!"#$[!∗𝐴𝑂][!!"𝑃ℎ𝑂𝐻]− 𝑘!"[𝐴𝑂𝐻][!!"𝑃ℎ𝑂]  
 ![!!"]!" =  𝑘!"#$[!∗𝐴𝑂][!!"𝑃ℎ𝑂𝐻]− 𝑘!"[𝐴𝑂𝐻][!!"𝑃ℎ𝑂]  
 ![!∗!"!!]!" =  −𝑘!"#![!∗𝐴𝑂𝐻!]  
 ![!!"!]!" =  𝑘!"[𝐴𝑂𝐻][!!"𝑃ℎ𝑂]− 𝑘!"[𝐴𝑂𝐻!][!!"𝑃ℎ𝑂!] (included only for 460 nm model) 
 ![!"]!" = 𝑘!"[𝐴𝑂𝐻!][!!"𝑃ℎ𝑂!] (included only for 460 nm model) 
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To simulate the kinetics traces, this series of differential equations was solved numerically 
with an ordinary differential equations solver. We utilized ode23 in MATLAB. The details of 
the simulations and the MATLAB *.m files employed are provided below.  
 
Kinetics at 560 nm 
Input needed to complete simulated fits: 
Timescale: logtimespan = –8:0.2:–3; timespan = 10.^logtimespan;  
Molar extinction coefficients for 3*AO, 3*AOH+, ttbPhO• (in units of M-1 cm-1): eps3AO = 
4800; eps3AOH+=3500; epsttbPhO = 250 
Vector defining rate constants knr, kTT, kCPET, kET, kS and kAOH in this order: k = [knr; kTT; 
kCPET; kET; kS; kAOH]; 
Vector defining initial concentrations of 3*AO, ttbPhOH, ttbPhO•, AOH•, 3*AOH+: y0 = [3AO; 
ttbPhOH; ttbPhOrad; AOHrad; 3AOH+]; 
 
TripAO_v4.m (script below) describes the various rate expressions associated with kinetics 
at a given wavelength, in this case 560 nm. y(x) values represent concentrations, and k(x) 
values represent rate constants. 
 
function [yprime]=TripAO_v4(t,y,k) 
%y(1)=3AO, y(2)=ttbPhOH, y(3)=ttbPhOrad, y(4)=AOHrad, y(5)=3AOH+ present 
due to trace impurity  
%k(1)=knr, k(2)=kTT, k(3)=kCPET, k(4)=kET  
%k(5)=kS,k(6)=kAOH; 
 
%decay of 3AO 
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yprime(1)=-k(1).*y(1)-k(2).*y(1).*y(1)-k(3).*y(1).*y(2)-k(5).*y(1).*(40e-
6-y(1)); 
%ttbPhOH: loss of ttbPhOH due to CPET quenching of 3AO 
yprime(2)=-k(3).*y(1).*y(2); 
% ttbPhOradical: formation and loss of ttbPhOradical  
yprime(3)=k(3).*y(1).*y(2)-k(4).*y(3).*y(4); 
% AOHrad:formation and loss of AOHradical – formed in equal concentration 
with ttbPhOradical 
yprime(4)=k(3).*y(1).*y(2)-k(4).*y(3).*y(4); 
%decay of 3AOH+  
yprime(5)=-k(6).*y(5); 
 
yprime=yprime(:); 
 
TripAO_Simulated_dOD_v4.m (script below) is used to numerically solve the differential 
equations provided in TripAO_v4.m based on the initial value inputs. The time-dependent 
concentration profiles produced for each species are multiplied by the appropriate molar 
absorptivity coefficients at the wavelength of interest (for species absorbing at 560 nm, see 
above) and the optical pathlength (defined by the pump probe overlap, 0.5 cm). These 
absorbance values are summed to yield the simulated transient absorption spectra. The 
simulated spectra can then be plotted and compared to experimental data. 
 
[Tcalc,Ycalc]=ode23s(@(t,y)TripAO_v4(t,y,k),timespan,y0); 
%Differential equation solver used to compute a simulated concentration 
%profile based on the differential equations describing the electron 
%transfer reactions (see TripAO.m) 
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dOD_calc23_560=Ycalc(:,1)*eps3AO*0.5+Ycalc(:,3)*epsttbPhO*0.5+Ycalc(:,5)*e
psAOH*0.5 
%converts calculated concentration profile into a simulated TA spectrum by 
%multiplying the concentration profile by the vector of epsilon values 
%dOD_calc23_560 is used for the data at 560 nm. 
%Plot Simulated Data 
plot(Tcalc,dOD_calc23_560','ko'); 
 
 
Kinetics at 460 nm 
Input needed to complete simulated fits: 
Timescale: logtimespan = –8:0.2:–3; timespan = 10.^logtimespan; 
Molar absorptivity coefficients for AOH+ at 460 nm (in units of M-1 cm-1): epsAOH=18100 
Vector defining rate constants knr, kTT, kCPET, kET, kS, kAOH, kPT in this order: k = [knr; kTT; 
kCPET; kET; kS; kAOH; kPT]; 
Vector defining initial concentrations of 3*AO, ttbPhOH, ttbPhO•, AOH•, 3*AOH+, ttbPhO– or 
AOH+ (equal conc.), AO and ttbPhOH (equal conc):  y0 = [3AO; ttbPhOH; ttbPhOrad; 
AOHrad; 3AOH+; AOH+; AO and ttbPhOH reformed]; 
 
 
TripAO_v4.m describes the various rate expressions associated with kinetics at a given 
wavelength, in this case 460 nm. y(x) values represent concentrations, and k(x) values 
represent rate constants. 
 
function [yprime]=TripAO_v4(t,y,k) 
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%y(1)=3AO, y(2)=ttbPhOH, y(3)=ttbPhOrad, y(4)=AOHrad, y(5)=AOH+ present 
due to trace impurity, y(6)=ttbPhO- and AOH+ formed in solution, y(7)=AO 
and ttbPhOH  
%k(1)=knr, k(2)=kTT, k(3)=kCPET, k(4)=kET  
%k(5)=kS 
%k(6)=kAOH; k(7)=kPT 
 
%decay of 3AO 
yprime(1)=-k(1).*y(1)-k(2).*y(1).*y(1)-k(3).*y(1).*y(2)-k(5).*y(1).*(40e-
6-y(1)); 
%ttbPhOH: loss of ttbPhOH due to CPET quenching of 3AO 
yprime(2)=-k(3).*y(1).*y(2); 
% ttbPhOradical: formation and loss of ttbPhOradical   
yprime(3)=k(3).*y(1).*y(2)-k(4).*y(3).*y(4); 
%AOHrad:formation and loss of AOHradical – formed in equal concentration 
with ttbPhOradical 
yprime(4)=k(3).*y(1).*y(2)-k(4).*y(3).*y(4); 
%3AOH+ decay 
yprime(5)=-k(6).*y(5); 
%Formation and reactivity of AOH+ and ttbPhO- - equal concentrations 
yprime(6)=k(4).*y(3).*y(4)-k(7).*y(6).*y(6); 
%Recombination of AOH+ and ttbPhO-;  
yprime(7)=k(7).*y(6).*y(6); 
  
yprime=yprime(:); 
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TripAO_Simulated_dOD_v4.m (script below) is used to numerically solve the differential 
equations provided in TripAO_v4.m based on the initial value inputs. The time-dependent 
concentration profiles produced for each species are multiplied by the appropriate molar 
absorptivity coefficients at the wavelength of interest (see above) and the optical pathlength 
(defined by the pump probe overlap, 0.5 cm). These absorbance values are summed to yield 
the simulated transient absorption spectra. The simulated spectra can then be plotted and 
compared to experimental data. 
 
 
[Tcalc,Ycalc]=ode23s(@(t,y)TripAO_v4(t,y,k),timespan,y0); 
%Differential equation solver used to compute a simulated concentration 
%profile based on the differential equations describing the electron 
%transfer reactions (see TripAO.m) 
  
dOD_calc23_460=Ycalc(:,6)*epsAOH*0.5; 
%converts calculated concentration profile into a simulated TA spectrum by 
%multiplying the concentration profile of AOH+ by the epsilon value 
%dOD_calc23_560 is used for the data at 460 
plot(Tcalc,dOD_calc23_460','ko'); 
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CHAPTER 3: PROTON-COUPLED ELECTRON TRANSFER REACTIONS WITH 
PHOTOMETRIC BASES REVEAL FREE ENERGY RELATIONSHIPS FOR 
PROTON TRANSFER 
3.1. Introduction 
Proton-coupled electron transfer (PCET) reactions involve the transfer of both a 
proton and electron, and can proceed through either stepwise or concerted mechanisms. In 
stepwise reactions, initial electron transfer (ET) is followed by proton transfer (PT) (ET-PT) 
or vice versa (PT-ET). By contrast, in a concerted proton-electron transfer (CPET) both the 
electron and proton move in a single kinetic step, circumventing charged, high-energy 
intermediates. These types of reactions are found throughout chemistry and biology and play 
an important role in the activation of small, energy-poor molecules, like H2O and CO2, into 
energy-rich fuels.1,2 As such, PCET processes underpin emerging energy technologies based 
on photon-to-fuel conversion strategies, and thus understanding and controlling PCET 
reactions is a high priority for the scientific community. However, elucidating the operating 
mechanism of a given PCET process can be quite difficult.3,4 Extracting relevant kinetic 
information about proton and electron transfers and interpreting the reaction parameters 
controlling the PCET reaction is an even greater challenge. Therefore, in order to advance 
our understanding of PCET reactions, more effective and versatile methods for monitoring 
PCET processes must be developed.  
Spectroscopic monitoring of ET processes is enabled by the fact that transition metals 
often have unique optical signatures for each of their oxidation states. As such, time-resolved 
spectroscopic techniques like optical spectroscopy coupled to stopped-flow rapid mixing5–9 
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and transient absorption10–17 spectroscopy have been widely employed to monitor the ET 
component of PCET reactions. Electrochemistry has also been used to monitor the ET 
component of a PCET event.18–21 However, it is significantly more difficult to monitor the PT 
component of a PCET reaction through conventional methods. There are few methods 
available by which proton movement can be monitored on appropriate time scales; time-
resolved infrared spectroscopy has been successfully employed to monitor PT,22–28 but when 
there is an accompanying ET reaction, electron transfer kinetics must generally be 
determined in a separate experiment. Our lab has recently reported the comprehensive optical 
monitoring of an excited-state PCET reaction and the subsequent thermal PCET 
recombination, but this is a rare example of concurrent spectroscopic monitoring of the 
electron and proton transfer components of a PCET process.17 As a result, PCET reaction 
mechanisms are generally inferred from reaction products, KIE studies of the ET component, 
and thermodynamic analyses.3,6,11,18,29,30 This approach has inherent shortcomings; as a result, 
little information is typically gleaned about the role PT plays in a PCET reaction, and this has 
further ramifications in the broader context of PT reactions.  
Recognizing the integral role PT plays in PCET reactions, control over PT processes 
may offer a clear pathway to orchestrate and manipulate PCET reaction pathways and 
provide avenues for the development of catalysts that can, for instance, activate inert, energy 
poor molecules for fuel synthesis. However, in order to control PT, the parameters that 
govern a PT event need to be well understood. For instance, can we develop clear 
correlations between the driving force (–ΔGPT) and rate constant (kPT) for PT within in a 
PCET process? While there have been some experimental investigations into the 
relationships between thermochemical parameters and reaction kinetics of PCET reaction, a 
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unified understanding, especially one that includes concerted reaction mechanisms and non-
aqueous solvents, is not yet available.3,4,7,9,31–39 To advance our understanding of PCET 
reactions, a technique to effectively monitor PT must be developed.  
Borrowing concepts from pH indicators and acid/base chemistry, we have identified, 
synthesized, and characterized a series of ‘photometric bases’ and further demonstrate that 
these molecules can be used to optically monitor PT processes in PCET reactions. In this 
work, we present a series of 7-dimethylaminoquinoline derivatives that have optical 
signatures in the visible region that shift upon protonation. This red shift in absorbance upon 
protonation provides an excellent handle to optically monitor a PT event. While similar 
approaches have been utilized to study pure PT reactions (thermal and excited state, both in 
water and non-aqueous solvents), these studies have relied on indicator dyes, many of which 
are carbon-based acids/bases and have limited tunability for PT driving force, and thus were 
not readily extendable to the PCET studies of interest here.40–44 
In the series of 2,4-R-7-dimethylaminoquinoline derivatives studied here, variation of 
the R-group at the 2,4-positions of the quinoline allows the optical properties and pKa (in 
CH3CN) to be systematically tuned. This allows (1) direct access to a variety of optical 
windows across the visible region in which PT reactions can be monitored and (2) an 
opportunity to vary PT driving force. The latter presents a unique opportunity to 
systematically examine the relationship between –ΔGPT and kPT within in a PCET process. 
With these tools in hand, we have explored the PCET reaction between ferrocenium (Fc+), 
these photometric bases and p-aminophenol (NH2PhOH) using optical spectroscopy and 
stopped-flow rapid-mixing (Figure 3.1). Both PT and ET processes were monitored 
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independently of one another, revealing free energy relationships between the proton transfer 
rate constants and the pKa of the photometric base. 
 
Figure 3.1. General schematic of the PCET reaction between NH2PhOH, Fc+, and R-7DMAQ. 
NH2PhOH is oxidized by Fc+, generating NH2PhOH radical cation (NH2PhOH+●), which is then 
deprotonated by R-7DMAQ. Products of this initial PCET reaction are ferrocenium, p-iminephenol, 
and R-7DMAQH+. 
 
3.2.Results 
Synthesis and Characterization of 2,4-R-7-Dimethylaminoquinoline Derivatives 
The aryl substituted 2,4-R-7-dimethylaminoquinoline derivatives (R-7DMAQ, 
R=aryl) were synthesized via the procedure outlined in Figure 3.2a.  N,N-dimethyl-3-
phenylenediamine was refluxed with diethyl malonate to form 2,4-hydroxy-7-
dimethylaminoquinoline. Bromination of the hydroxyl groups was carried out by refluxing 
the isolated reaction product in dry acetonitrile with phosphorus oxybromide and potassium 
carbonate. The final R-7DMAQ was obtained via a Suzuki coupling; a wide variety of 
commercially available boronic acids permits access to a range of aryl-substituted 7-
DMAQs. 7-dimethylaminoquinoline (H-7DMAQ) was synthesized in one step via a Skraup 
reaction (Figure 3.2b). 
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Figure 3.2 a) General scheme for the synthesis of the R-7DMAQs containing aryl-substituents (Ph, 
MeO, and TMP-7DMAQ). The substituents at the 2,4 positions of the quinoline backbone are 
determined by the identity of the boronic acid employed in the third step. b) H-7DMAQ was 
synthesized in one step via a Skraup reaction. Details of these reactions are included in the 
experimental section. c) Substituents of the R-7DMAQs and the nomenclature used throughout this 
manuscript. 
 
Absorbance spectra of all the 7DMAQ derivatives exhibit a broad absorption feature 
centered 370–390 nm that tails into the visible region (Table 3.1, Figure 3.3 - Figure 3.7). 
Protonation of this 7DMAQ species to form 7DMAQH+ results in a bathochromic shift of 
this absorbance feature of ca. 71 nm, and an increase in the extinction coefficient (λmax = 
432–465 nm, Table 3.1, Figure 3.3 - Figure 3.7). Of note, MeO-7DMAQH+ has two 
pronounced absorbance features (λmax = 375, 465 nm).  
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Figure 3.3. UV-vis absorbance spectrum of TMP-7DMAQ in acetonitrile (78 µM) and its conjugate 
acid TMP-7DMAQH+ (formed in situ upon the addition of 1 equiv. of HBF4). 
 
Figure 3.4 Absorbance spectrum 92 µM of Ph-7DMAQ (blue) and its conjugate acid Ph-7DMAQH+ 
(red) in CH3CN. 
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Figure 3.5 Absorbance spectrum of 183 µM H-7DMAQ (blue) and its conjugate acid H-7DMAQH+ 
(red) in CH3CN. 
 
 
Figure 3.6. Absorbance spectrum of 37 µM MeO-7DMAQ (blue) and its conjugate acid MeO-
7DMAQH+ (red) in CH3CN. 
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Figure 3.7 Absorbance spectrum of 83 µM TMP-7DMAQ (blue) and its conjugate acid TMP-
7DMAQH+ (red) in CH3CN. 
 
Table 3.1 
Base pKa 
(CH3CN) 
λmax B (nm)  λmax BH+ 
(nm) 
ε, B/BH+ (M-1 cm-1) Ep,a (V vs. 
Fc+/0) 
Ph-7DMAQ 14.2 392 464 4,300/9,800 0.45 
H-7DMAQ 15.0 370 432 3,300/6,000 0.39 
MeO-
7DMAQ 
 
15.0 389 
 
375, 465 389 nm: 10,000 
375/465 nm: 
20,000/20,500 
0.44 
TMP-
7DMAQ 
15.2 374 446 6,600/13,200 0.51 
 
Spectrophotometric titrations were carried out to determine the pKa values for these 
compounds; values ranged from 14.2-15.2, with more electron donating aryl substituents 
giving rise to higher pKa values (Details in Section 3.5, Table 3.1, Figure 3.8 - Figure 
3.11).7,17,45 
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Figure 3.8. (top) Spectrophotometric titration of 64 µM TMP-7DMAQ with 2-picoline (B) (pKa = 
13.32). 2-picoline and 2 picolinium (BH+) are transparent in the region recorded and do not contribute 
to the overall signal. (bottom) The slope of  ([7DMAQ][BH+])/[7MAQH+]) vs. [B], determined by 
monitoring the absorbance at 450 nm, can be used to determine the pKa of TMP-7DMAQ (pKa = 15.2 
in CH3CN). 
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Figure 3.9. (top) Spectrophotometric titration of 54 µM MeO-7DMAQ with 2-picoline (B) (pKa = 
13.32). 2-picoline and 2 picolinium (BH+) are transparent in the region recorded and do not contribute 
to the overall signal. (bottom) The slope of  ([7DMAQ][BH+])/[7MAQH+]) vs. [B], determined by 
monitoring the absorbance at 460 nm, can be used to determine the pKa of MeO-7DMAQ (pKa = 15.0 
in CH3CN). 
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Figure 3.10. (top) Spectrophotometric titration of 58 µM H-7DMAQ with 2-picoline (B) (pKa = 
13.32). 2-picoline and 2 picolinium (BH+) are transparent in the region recorded and do not contribute 
to the overall signal. (bottom) The slope of  ([7DMAQ][BH+])/[7MAQH+]) vs. [B], determined by 
monitoring the absorbance at 440 nm, can be used to determine the pKa of H-7DMAQ (pKa = 15.0 in 
CH3CN). 
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Figure 3.11. (top) Spectrophotometric titration of 69 µM Ph-7DMAQ with 2-picoline (B) (pKa = 
13.32). 2-picoline and 2 picolinium (BH+) are transparent in the region recorded and do not contribute 
to the overall signal. (bottom) The slope of  ([7DMAQ][BH+])/[7MAQH+]) vs. [B], determined by 
monitoring the absorbance at 460 nm, can be used to determine the pKa of Ph-7DMAQ (pKa = 14.2 in 
CH3CN). 
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Time-Resolved Optical Monitoring of PCET Reactions 
The termolecular PCET reaction between NH2PhOH, R-7DMAQ, and Fc+ was 
initiated by stopped-flow rapid mixing of a solution of NH2PhOH (100-500 µM) and R-
7DMAQ (30 µM) with a solution of ferrocenium hexafluorophosphate (60 µM) and 
monitored via optical spectroscopy. Upon mixing, Fc+ oxidizes NH2PhOH, generating the 
aminophenol radical cation. This radical cation is much more acidic and is readily 
deprotonated by basic species in solution,3,46,47 including R-7DMAQ, to generate R-
7DMAQH+ and NH2PhO●.  
This PCET reaction was first explored with Ph-7DMAQ. Absorbance spectra 
recorded at various time delays have prominent features corresponding to Fc+ (λmax = 620 
nm), Ph-DMAQ (λmax = 392 nm) and Ph-DMAQH+ (λmax = 464 nm) (Figure 3.12). The peaks 
corresponding to Fc+ and Ph-7DMAQ decay over the 0-100 ms timescale, while a new 
feature consistent with Ph-DMAQH+ grows in on a similar timescale as the reaction 
proceeds. Clean conversion of Ph-7DMAQ to its conjugate acid is indicated by the well-
defined isosbestic point at 415 nm.  
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Figure 3.12. Absorbance spectra recorded at various time delays (0–100 ms, 6 ms intervals) upon 
rapid mixing of NH2PhOH (100 µM) and Ph-7DMAQ (30 µM) with Fc+ (150 µM) in CH3CN. 
 
For each R-7DMAQ, single wavelength reaction kinetics were recorded for both the 
appearance of the 7DMAQH+ peak (λobs = 440–460 nm) and the loss of the Fc+ peak (λobs = 
620 nm). Below, general observations of these kinetics traces are described for the series of 
four R-7DMAQs explored (Figure 3.13 - Figure 3.16).  
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Figure 3.13 Stopped-flow kinetics traces monitoring the appearance of TMP-7DMAQH+ at 450 nm 
(top) and 620 nm (bottom).  Present in each reaction are 60 µM Fc+, 30 µM TMP-7DMAQ, and 100 - 
500 µM NH2PhOH. 
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Figure 3.14 Stopped-flow kinetics traces monitoring (top) the appearance of Ph-7DMAQH+ at 460 
nm and (bottom) the disappearance of Fc+ at 620 nm.  Present in each reaction are 60 µM Fc+, 30 
µM Ph-7DMAQ, and 100 – 500 µM NH2PhOH. 
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Figure 3.15. Stopped-flow kinetics traces monitoring (top) the appearance of MeO-7DMAQH+ at 460 
nm and (bottom) the disappearance of Fc+ at 620 nm.  Present in each reaction are 60 µM Fc+, 30 µM 
MeO-7DMAQ, and 100 – 500 µM NH2PhOH. 
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Figure 3.16. Stopped-flow kinetics traces monitoring (top) the appearance of H-7DMAQH+ at 440 nm 
and (bottom) the disappearance of Fc+ at 620 nm.  Present in each reaction are 60 µM Fc+, 30 µM H-
7DMAQ, and 100 – 500 µM NH2PhOH. 
 
Kinetics traces at 460 nm and 620 nm, reflecting the formation of R-7DMAQH+ and 
decay of Fc+, respectively, were recorded as a function of NH2PhOH concentration for the 
four photometric bases (Figure 3.13 - Figure 3.16). At both wavelengths, the rates of reaction 
accelerated as the concentration of NH2PhOH was increased. In a separate experiment, the 
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kinetics of Fc+ reduction were monitored (λobs = 620 nm) as a function of R-7DMAQ 
concentration (with constant concentrations of NH2PhOH and Fc+). Notably, changes in the 
concentration of the photometric base did not affect the decay kinetics of the Fc+ signal 
(Figure 3.17). 
 
  
Figure 3.17. Stopped-flow kinetics traces monitoring the disappearance of Fc+ at 620 nm as a function 
of Ph-7DMAQ concentration.  Present in each reaction are Fc+ (100 µM), NH2PhOH (1.0 mM), and 0 
– 200 µM Ph-7DMAQ. 
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3.3. Discussion 
Proton-Coupled Electron Transfer Reactivity 
The stopped-flow experiments described above provide kinetics data about both PT 
and ET processes in the oxidation of NH2PhOH by the oxidant/base combination of Fc+ and 
R-7DMAQ (the formal bond dissociation free energy3,36 ranges from 74.4 to 75.7 kcal mol-1 
for the R-7DMAQ compounds employed). The observation that higher concentrations of 
NH2PhOH correlate with increases in both the observed rates of PT and ET suggests that the 
PT and ET components are coupled. Qualitatively, however, these two processes do not 
appear to occur with the same reaction kinetics. Further, for samples in which the 
concentration of R-7DMAQ was varied as the concentrations of NH2PhOH and Fc+ were 
held constant, kinetics traces reveal that the decay of the Fc+ signal is not sensitive to base 
concentration. These observations indicate that this reaction is not operating under a 
concerted proton-electron transfer (CPET) mechanism. The viability of both stepwise PT-ET 
and ET-PT pathways was considered. PT-ET would require an initial deprotonation event, 
yet the differences between pKa values of NH2PhOH (~30) and the 7DMAQH+ species 
(14.2–15.2) suggest that protonation of R-7DMAQ by NH2PhOH is highly endergonic. By 
contrast, an ET-PT process (Equation 3.1 - Equation 3.2) involves a slightly endergonic ET 
process (ΔGET ≈ 60 mV) followed by followed by PT from the NH2PhOH radical cation 
(NH2PhOH●+) to R-7DMAQ (rough estimation of the pKa of NH2PhOH●+ in CH3CN from 
the pKa reported in DMSO yields a value of 15.8;3,48 however, observations of deprotonation 
by R-7DMAQ in this work suggests the value is in fact lower as PT to R-7DMAQ appears 
facile).  
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Equation 3.1 𝑁𝐻!𝑃ℎ𝑂𝐻 + 𝐹𝑐!   !!  𝑁𝐻!𝑃ℎ𝑂𝐻∙+ + 𝐹𝑐! 
Equation 3.2 𝑁𝐻!𝑃ℎ𝑂𝐻∙+ + 𝑅 − 7𝐷𝑀𝐴𝑄 !!  𝑁𝐻!𝑃ℎ𝑂∙ + 𝑅 − 7𝐷𝑀𝐴𝑄𝐻! 
While our data qualitatively supports an initial ET-PT mechanism for the reaction of 
NH2PhOH, Fc+, and R-7DMAQ to form NH2PhO●, R-7DMAQH+ and Fc, kinetics analysis 
must account for reactivity of these unstable products.  NH2PhO● is a reactive radical 
species; extensive studies exploring the electrochemical oxidation of aniline and its 
derivatives (including NH2PhOH), much of which has focused on the electropolymerization 
of poly(aniline) films have been carried out. Upon oxidation, anilines and their derivatives 
are initially deprotonated, but the products formed are highly favored to undergo a second 
one-electron, one-proton oxidation,49–53 and their two-electron, two-proton chemistry is well 
precedented.54–60 Our own electrochemical and mass spectrometric investigations of 
NH2PhOH support this hypothesis and suggest that in the presence of base, the one-electron 
oxidized product can be readily deprotonated before undergoing a second oxidation and 
deprotonation (Figure 3.18 - Figure 3.20).  
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Figure 3.18. Cyclic voltammogram of 650 µM NH2PhOH recorded at 300 mV/s in a 250 mM 
[Bu4N][PF6] CH3CN solution. Two irreversible oxidations are observed at 0.06 V and 0.23 V vs. 
Fc+/0. 
 
Figure 3.19. Cyclic voltammogram of 530 µM NH2PhOH recorded at 300 mV/s in a 250 mM 
[Bu4N][PF6] CH3CN solution (red trace). Two irreversible oxidations are observed at 0.06 V and 0.23 
V vs. Fc+/0. Upon the addition of 1 equivalent 2-picoline (pKa = 13.32), the first oxidation becomes 
more pronounced, however, the second oxidation is still present. Upon the addition of 5 equivalents 
of 2-picoline, only one oxidation is observed, indicative of a 2e-/2H+ process in the presence of a 
proton acceptor. 
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Figure 3.20. Mass spectrum obtained from the reaction of Fc+ (440 µM), NH2PhOH (3.0 mM), and 2-
picoline (220 µM) in dry CH3CN. In a nitrogen glovebox, the three reactants were mixed together in a 
scintillation vial and stirred for 5 minutes, after which the mixture was analyzed via mass 
spectrometry. The signals at m/z = 414.1458 and 322.1259 correspond to known products formed from 
the reaction of NHPhO, the 2e-/2H+ oxidation product of NH2PhOH. The signal at m/z = 414.14 
(C24H19O4N3, expected m/z = 413.10 in its neutral form) is an oligomer formed from the reaction of 
four NHPhO molecules. The signal at m/z = 322.12 (C18H15O3N3, expected m/z = 321.10 in its neutral 
form) is the oligomer formed from three molecules of NHPhO. 
This observation, combined with previous reports of two-electron, two-proton 
reactions involving NH2PhOH, provides compelling evidence that stopped-flow kinetics data 
contain details of the secondary PCET reactivity of NHPhOH● to form p-benzoquinone 
imine NHPhO (Equation 3.3 - Equation 3.4). 
Equation 3.3 𝑁𝐻!𝑃ℎ𝑂∙ + 𝐹𝑐! !!  𝑁𝐻!𝑃ℎ𝑂+ + 𝐹𝑐! 
Equation 3.4 𝑁𝐻!𝑃ℎ𝑂+ + 𝑅 − 7𝐷𝑀𝐴𝑄 !!  𝑁𝐻𝑃ℎ𝑂 + 𝑅 − 7𝐷𝑀𝐴𝑄𝐻! 
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Equation 3.1 - Equation 3.4 together describe two sequential stepwise PCET 
reactions. A complete picture of the reactivity, and a full kinetics analysis, however, must 
also account for additional reactivity.  
While NH2PhOH is a weaker base than R-7DMAQ, the high concentration of 
NH2PhOH in these experiments requires that we take into account an equilibrium between R-
7DMAQH+ and NH2PhOH (Equation 3.5). Spectrophotometric titrations (Figure 3.21 - 
Figure 3.24), indicate a weak equilibrium between these two reagents (K5 = 1 x 10-2 to 5 x 10-
4). These titrations provide an estimation of the pKa of NH3PhOH+ in acetonitrile (12.5, see 
Section 3.5).   
Equation 3.5 
𝑁𝐻!𝑃ℎ𝑂𝐻 + 𝑅 − 7𝐷𝑀𝐴𝑄𝐻! 𝑘!⇌𝑘!! 𝑁𝐻!𝑃ℎ𝑂𝐻! + 𝑅 − 7𝐷𝑀𝐴𝑄 
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Figure 3.21. (top) Spectrophotometric titration of 60 µM TMP-7DMAQH+ with NH2PhOH in 
CH3CN. The weak proton-transfer equilibrium between these two molecules, combined with the 
absorbance of excess NH2PhOH, cause minimal TMP-7DMAQ to be observed spectroscopically.  
(bottom) The slope of  ([7DMAQ][BH+])/[7MAQH+]) vs. [NH2PhOH], determined by monitoring the 
absorbance of TMP-7DMAQH+ at 450 nm, can be used to determine both Keq for the interaction 
between TMP-7DMAQ and NH2PhOH (Keq = 9.1 x 10-4), and the pKa of NH3PhOH+ (pKa = 12.2 in 
CH3CN). 
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Figure 3.22. (top) Spectrophotometric titration of 70 µM MeO-7DMAQH+ with NH2PhOH in 
CH3CN.  The weak proton-transfer equilibrium between these two molecules, combined with the 
absorbance of excess NH2PhOH, cause minimal MeO-7DMAQ to be observed spectroscopically. 
(bottom) The slope of  ([7DMAQ][BH+])/[7MAQH+]) vs. [NH2PhOH], determined by monitoring the 
absorbance of MeO-7DMAQH+ at 460 nm, can be used to determine both Keq for the interaction 
between MeO-7DMAQ and NH2PhOH (Keq = 1.9 x 10-3), and the pKa of NH3PhOH+ (pKa = 12.3 in 
CH3CN). 
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Figure 3.23. (top) Spectrophotometric titration of 54 µM H-7DMAQH+ with NH2PhOH in CH3CN.  
The weak proton-transfer equilibrium between these two molecules, combined with the absorbance of 
excess NH2PhOH, cause minimal H-7DMAQ to be observed spectroscopically. (bottom) The slope of  
([7DMAQ][BH+])/[7MAQH+]) vs. [NH2PhOH], determined by monitoring the absorbance of H-
7DMAQH+ at 440 nm, can be used to determine both Keq for the interaction between H-7DMAQ and 
NH2PhOH (Keq = 3.0 x 10-3), and the pKa of NH3PhOH+ (pKa = 12.5 in CH3CN). 
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Figure 3.24. (top) Spectrophotometric titration of 82 µM Ph-7DMAQH+ with NH2PhOH in CH3CN.  
The weak proton-transfer equilibrium between these two molecules, combined with the absorbance of 
excess NH2PhOH, cause minimal Ph-7DMAQ to be observed spectroscopically. (bottom) The slope 
of  ([7DMAQ][BH+])/[7MAQH+]) vs. [NH2PhOH], determined by monitoring the absorbance of Ph-
7DMAQH+ at 460 nm, can be used to determine both Keq for the interaction between Ph-7DMAQ and 
NH2PhOH (Keq = 2.0 x 10-2), and the pKa of NH3PhOH+ (pKa = 12.5 in CH3CN). 
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The amine group of unreacted NH2PhOH can also serve as a proton acceptor for 
either of the radical cations generated in Equation 3.2 and Equation 3.4 (Equation 3.6 - 
Equation 3.7). Based on the relative basicities of the proton acceptors in solution, we posit 
that PT to NH2PhOH will be slower than PT to R-7DMAQ. However, because the 
concentration of DMAQ is half that of the oxidant Fc+, and NH2PhOH in excess, NH2PhOH 
must serve as a proton acceptor from both a stoichiometric and kinetic perspective.  
Equation 3.6 𝑁𝐻!𝑃ℎ𝑂𝐻∙+ + 𝑁𝐻!𝑃ℎ𝑂𝐻 !!  𝑁𝐻!𝑃ℎ𝑂∙ + 𝑁𝐻!𝑃ℎ𝑂𝐻! 
Equation 3.7 𝑁𝐻!𝑃ℎ𝑂+ + 𝑁𝐻!𝑃ℎ𝑂𝐻 !!  𝑁𝐻𝑃ℎ𝑂 + 𝑁𝐻!𝑃ℎ𝑂𝐻! 
As discussed above, the product NHPhO reacts further to form oligomeric structures; 
we simplistically represent this complex terminal reactivity with Equation 3.8.58,59 
Equation 3.8 2 𝑁𝐻𝑃ℎ𝑂 !!  𝐹𝑢𝑟𝑡ℎ𝑒𝑟 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠  
Lastly, when Fc+ is titrated into a solution of R-7DMAQ, the absorbance of R-
7DMAQ decreases, and a new peak appears at 460 nm, suggesting an adduct between R-
7DMAQ and Fc+ (Figure 3.25). However, upon addition of a stronger base (that doesn’t 
absorb in the visible region), 1,8-diazabicycloundec-7ene (DBU, pKa = 24),61 the original 
absorbance spectrum of basic R-7DMAQ is recovered. Quinolines are Lewis bases62 and can 
thus form adducts with Lewis acids, like Fc+.63  
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Figure 3.25. Adduction of MeO-7DMAQ with Fc+. Red = 60 µM MeO-7DMAQ, Green = addition of 
1 equivalent Fc+, Purple = addition of 1 equivalent of DBU (pKa = 24). Addition of DBU recovers the 
initial absorbance of MeO-7DMAQ as the Lewis acid-base interaction between DBU and Fc+ is 
stronger than that of Fc+ with MeO-7DMAQ. 
 
To further confirm that the absorbance shifts arise from a Lewis acid-base interaction, 
and ensure the reactivity was not resulting from an endergonic electron transfer reaction, the 
interaction of Ph-7DMAQ with decamethylferrocenium (a 507 mV weaker oxidant)63 was 
tested. Upon titration with Me10Fc+, a similar change in absorbance of Ph-7DMAQ is 
observed (Figure 3.26). This Lewis acid-base interaction between the R-7DMAQs and Fc+ 
(Eq. 9) was quantified using a modified Benesi-Hildebrand analysis64 (see Figure 3.27 - 
Figure 3.30, Section 3.5), and taken into account when modeling the kinetics of the described 
PCET system (vide infra).  
Equation 3.9 
 𝐹𝑐+ + 𝑅 − 7𝐷𝑀𝐴𝑄 𝑘!⇌𝑘!![𝐹𝑐!⋯𝑅 − 7𝐷𝑀𝐴𝑄] 
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Figure 3.26. Adduction of TMP-7DMAQ (35 µM) with Decamethylferrocenium (Me10Fc+), which is 
0.507 V weaker of an oxidant than Fc+. Red = TMP-7DMAQ only, Green = addition of 1 equivalent 
of Me10Fc+, Purple = addition of 5 equivalents of Me10Fc+. 
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Figure 3.27. (top) Titration of 53 µM TMP-7DMAQ  with Fc+ in CH3CN. These two species form a 
Lewis Acid-Base adduct in solution that gives rise to a signal similar to that of TMP-7DMAQH+. 
(bottom) Plot of ΔAbsorbance versus [Fc+]; absorbance was monitored at 450 nm. The data was fit 
using a modified Benesi-Hildebrand analysis (described above), resulting in Keq = 3.6 x 104 M-1 and 
Δε = 1.5 x 104 M-1 cm-1. Experimentally Δε is 1.3 x 104, this was calculated from the difference of the 
adduct absorbance (when fully adducted) and that of free TMP-7DMAQ at 450 nm.  This value is in 
good agreement with the value determined through fitting. 
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Figure 3.28. (top) Titration of 63 µM MeO-7DMAQ with Fc+ in CH3CN. These two species form a 
Lewis Acid-Base adduct in solution that gives rise to a signal similar to that of MeO-7DMAQH+. 
(bottom) Plot of ΔAbsorbance versus [Fc+]; absorbance was monitored at 460 nm. The data was fit 
using a modified Benesi-Hildebrand analysis (described above), resulting in Keq = 6.2 x 104 M-1 and 
Δε = 1.3 x 104 M-1 cm-1. Experimentally Δε is 2.0 x 104, this was calculated from the difference of the 
adduct absorbance (when fully adducted) and that of free MeO-7DMAQ at 450 nm.  This value is in 
good agreement with the value determined through fitting. 
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Figure 3.29. (top) Titration of 55 µM H-7DMAQ with Fc+ in CH3CN. These two species form a 
Lewis Acid-Base adduct in solution that gives rise to a signal similar to that of H-7DMAQH+. 
(bottom) Plot of ΔAbsorbance versus [Fc+]; absorbance was monitored at 440 nm. The data was fit 
using a modified Benesi-Hildebrand analysis (described above), resulting in Keq = 2.1 x 105 M-1 and 
Δε = 6.8 x 103 M-1 cm-1. Experimentally Δε is 6.0 x 103, this was calculated from the difference of the 
adduct absorbance (when fully adducted) and that of free H-7DMAQ at 450 nm.  This value is in 
good agreement with the value determined through fitting. 
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Figure 3.30. (top) Titration of 65 µM Ph-7DMAQ with Fc+ in CH3CN. These two species form a 
Lewis Acid-Base adduct in solution that gives rise to a signal similar to that of Ph-7DMAQH+. 
(bottom) Plot of ΔAbsorbance versus [Fc+]; absorbance was monitored at 460 nm. The data was fit 
using a modified Benesi-Hildebrand analysis (described above), resulting in Keq = 4.5 x 104 M-1 and 
Δε = 1.3 x 104 M-1 cm-1. Experimentally Δε is 9.8 x 103, this was calculated from the difference of the 
adduct absorbance (when fully adducted) and that of free Ph-7DMAQ at 450 nm.  This value is in 
good agreement with the value determined through fitting. 
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Kinetic Model for PCET 
Kinetics simulations were performed with a series of differential equations (see 
Supporting Information) derived from the kinetics model described in Equation 3.1 - 
Equation 3.9 to determine rate constants for elementary reaction steps. The rate law for the 
coupled series of reactions was solved numerically using an ordinary differential equation 
solver. Initial concentrations of reactants, intermediates, and products, as well as the time 
interval of the reaction and rate constants were provided as inputs. Solving these equations 
resulted in time-dependent concentration profiles for each species – known molar extinction 
coefficients were used to convert time-dependent concentration profiles into simulated 
stopped-flow kinetics traces.  
In order to minimize floating parameters, kinetics traces monitoring the loss of the 
Fc+ absorbance at 620 nm upon rapid mixing with NH2PhOH in the absence of R-7DMAQ 
were simulated to quantify the rates of ET between Fc+ and NH2PhOH (Equation 3.1) and 
NH2PhO● (Equation 3.3) (Figure 3.31).  
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Figure 3.31. Kinetics and accompanying fit for ET between Fc+ (60 µM) and NH2PhOH (100 - 500 
µM). The reaction was monitored at 620 nm and the rate constants input were k1 = 1.2 x 105 M-1 s-1, k3 
= 5 x 105 M-1 s-1, k7 = 3 x 106 M-1 s-1, k8 = 1 x 105 M-1 s-1, and k9 = 1 x 105 M-1 s-1. 
To describe reactivity in the absence of R-7DMAQ, rate constants k2, k4, k5, k-5, k9, k-9 
were set to zero in the kinetics model and the remaining rate constants were adjusted 
iteratively to simulate the kinetics traces. Simulations were extremely sensitive to both k1 and 
k3 and yielded values of 1.2 x 105 M-1 s-1 and 5.0 x 105 M-1 s-1, respectively, for these two rate 
constants. These rate constants are consistent with those predicted by the Marcus cross 
relation based on the self-exchange rate constants for ferrocene/ferrocenium and 
phenoxyl/phenoxide  (the PhOH●+/0 self-exchange rate constant is not known).65,66 
Simulations also provided rate constants for proton transfer from the oxidation 
products to NH2PhOH (k6 = 3.0 x 106 M-1 s-1, k7 = 1.0 x 105 M-1 s-1, see below for further 
discussion). The rate constant depicting terminal oligomerization reactivity of para-
quinoneimine (k8 = 1 x 105 M-1 s-1) falls in the range estimated for oligomer formation.59 The 
value of this parameter had minimal influence on the kinetic fits, but was necessary to model 
the consumption of the p-benzoquinone imine.58,59  
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To model kinetics data for samples incorporating the photometric bases (λobs = 440-
460 nm and 620 nm), the five rate constants determined above in the absence of R-7DMAQ 
were held constant. Values for K5 and K9, which describe the equilibria of R-7DMAQ with 
NH2PhOH and Fc+, respectively, were used to determine the ratios of k5:k-5 and k9:k-9. The 
forward rate constants k5 and k9 were determined through iterative simulation while the 
reverse rate constants k-5 and k-9 were fixed by maintaining Keq = k5/k-5 (k9/k-9). As a result, 
the only remaining variables in the complete kinetics model described by Equation 3.1 - 
Equation 3.9 were the rate constants for proton transfer from the initial oxidation products 
NH2PhOH●+ and NH2PhO+ to R-7DMAQ (k2 and k4 respectively). Rate constants k2 and k4 
were iteratively adjusted, together with k5 and k9, to achieve satisfactory simulation of the 
single wavelength kinetics traces at both λobs = 440–460 nm and λobs = 620 nm (Figure 3.32 - 
Figure 3.35). Simulations were repeated across a set of samples that contained varying 
concentrations of NH2PhOH to obtain a self-consistent set of rate constants for each R-
7DMAQ. k2 values from these simulations fall in the range 1.5 – 7.5 x 108 M-1 s-1 while the 
corresponding k4 values are smaller; in the range 5.5 x 106 – 3.0 x 107 M-1 s-1.  
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Figure 3.32. Stopped-flow kinetics traces monitoring (top) the appearance of TMP-7DMAQH+ at 450 
nm and (bottom) the disappearance of Fc+ at 620 nm for the reaction between 100–500 µM 
NH2PhOH, 60 µM Fc+, and 30 µM TMP-7DMAQ. Dotted lines represent the kinetics simulation 
based on the kinetics model described by Eq. 1–9. Rate constants used in the simulation: k1, 1.2 x 105 
M-1 s-1; k2, 7.5 x 108 M-1 s-1; k3, 5.0 x 105 M-1 s-1;  k4, 3.0 x 107 M-1 s-1; k5, 2.7 x 103 M-1 s-1; k-5, 3.0 x 
106 M-1 s-1; k6, 3.0 x 106 M-1 s-1; k7, 1.0 x 105 M-1 s-1; k8, 1.0 x 105 M-1 s-1; k9, 1.4 x 106 M-1 s-1; k-9, 38.9 
M-1 s-1. 
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Figure 3.33. Stopped-flow kinetics traces monitoring (top) the appearance of MeO-7DMAQH+ at 460 
nm and (bottom) the disappearance of Fc+ at 620 nm for the reaction between 100–500 µM 
NH2PhOH, 60 µM Fc+, and 30 µM MeO-7DMAQ. Dotted lines represent the kinetics simulation 
based on the kinetics model described by Eq. 3.1 – 3.9. See Table 3.2 for rate constants used in the 
simulation. 
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Figure 3.34. Stopped-flow kinetics traces monitoring (top) the appearance of H-7DMAQH+ at 440 nm 
and (bottom) the disappearance of Fc+ at 620 nm for the reaction between 100–500 µM NH2PhOH, 60 
µM Fc+, and 30 µM H-7DMAQ. Dotted lines represent the kinetics simulation based on the kinetics 
model described by Eq. 3.1 – 3.9. See Table 3.2 for rate constants used in the simulation. 
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Figure 3.35. Stopped-flow kinetics traces monitoring (top) the appearance of Ph-7DMAQH+ at 460 
nm and (bottom) the disappearance of Fc+ at 620 nm for the reaction between 100–500 µM 
NH2PhOH, 60 µM Fc+, and 30 µM Ph-7DMAQ. Dotted lines represent the kinetics simulation based 
on the kinetics model described by Eq. 3.1 – 3.9. See Table 3.2 for rate constants used in the 
simulation. 
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Table 3.2. Rate constants determined through kinetic modeling. 
Rate Constants  Phen-7DMAQ 
(M-1 s-1) 
H-7DMAQ 
(M-1 s-1) 
MeO-7DMAQ 
(M-1 s-1) 
TMP-7DMAQ 
(M-1 s-1) 
k1 1.2 x 105 1.2 x 105 1.2 x 105 1.2 x 105 
k2 1.5 x 108 6.0 x 108 6.0 x 108 7.5 x 108 
k3 5.0 x 105 5.0 x 105 5.0 x 105 5.0 x 105 
k4 5.5 x 106 2.0 x 107 2.0 x 107 3.0 x 107 
k5 2.0 x 104 3.0 x 103 5.7 x 103 2.7 x 103 
k-5 1.0 x 106 1.0 x 106 3.0 x 106 3.0 x 106 
k6 3.0 x 106 3.0 x 106 3.0 x 106 3.0 x 106 
k7 1.0 x 105 1.0 x 105 1.0 x 105 1.0 x 105 
k8 1.0 x 105 1.0 x 105 1.0 x 105 1.0 x 105 
k9 3.0 x 105 1.2 x 106 1.0 x 106 1.4 x 106 
k-9 (s-1) 6.7 5.7 16.1 38.9 
 
To more closely examine the influence of individual rate constants on simulations of 
single-wavelength kinetics traces, the concentration profiles of individual reactants and 
intermediates underpinning the kinetics simulations were examined. In the studies described 
in this work, the concentration of Fc+ is held constant (60 µM) while the initial 
concentrations of NH2PhOH range from 100 – 500 µM. These near pseudo-first order 
conditions might suggest that all of the Fc+ would be consumed through the oxidation of 
NH2PhOH to NH2PhOH●+, and thus the subsequent oxidation of NH2PhO● would not occur 
as the Fc+ would rapidly decay to zero.  However, concentration profiles of Fc+, NH2PhOH, 
NH2PhO● and NHPhO show that with the rate constants determined from the kinetics 
simulations, Fc+ is not immediately and completely consumed by reaction with NH2PhOH; 
NH2PhO● forms rapidly and Fc+ oxidizes both NH2PhOH and NH2PhO● on the ms timescale 
(Figure 3.36). Incorporating the oxidation of NH2PhO● by Fc+ is critical for accurately 
describing the reaction of interest and obtaining good kinetics simulations. 
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Figure 3.36. ΔConcentration profiles from simulated kinetic traces of NH2PhOH, Fc+, NH2PhO●, H-
7DMAQ, NH3PhOH+, and NHPhO. In both samples, initial concentrations were 60 µM Fc+ and 30 
µM H-7DMAQ. For the sample shown in the top panel, the initial concentration of NH2PhOH was 
100 µM while for the sample shown in the bottom panel had an initial concentration of 500 µM 
NH2PhOH. In both traces it is clear that Fc+ (shown in green) is not rapidly and completely consumed 
by the first oxidation process. This is further evidence that the second oxidation (and subsequent 
proton transfer) does occur as described above. Note that NH2PhOH reacts to form both NH2PhO● 
(and subsequently NHPhO) and NH3PhOH+. 
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Driving Force Dependent Rate Constants for Proton Transfer 
For the rate constants obtained from kinetics simulations for proton transfer from 
NH2PhOH●+ (k2) and NH2PhO+ (k4) to R-7DMAQ, linear correlations are observed between 
ln(kPT) and the pKa values for the conjugate acids of the R-7DMAQ proton acceptors (Figure 
6). While the two trend lines have identical slopes (slope = 1.65) their vertical offset reflects 
the difference in the unknown pKa values of NH2PhOH●+ and NH2PhO+. As such, the pKa 
values on the x-axis only linearly correlate with –ΔGPT within each set of data.3 The free 
energy relationships observed are consistent with what is predicted by the Brønsted relation 
for acid-base reactivity, as well as theory developed by Bell based on the transition state 
model.41,67–69 Indeed, linear correlations between rate and driving force have been observed 
in many examples of proton transfer, and Brønsted slopes have been traditionally used to 
characterize reaction mechanisms and compare proton transfer processes.33,34,41–43,67,69–73 
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Figure 3.37. For proton transfer reactions from aminophenol oxidation products, free energy 
relationships are observed between the rate constants and the pKa value for the conjugate acid of the 
proton acceptor, which is proportional to the driving force for proton transfer within each set of 
reactions. Included on this plot are the values for k2 and k4, the rates of PT to R-7DMAQ derivatives (
●, pKa (R-7DMAQH+) = 14.2–15.2), as well as k6 and k7, the rates of PT to NH2PhOH (▲, pKa 
(NH3PhOH+) = 12.5). Across the R-7DMAQ derivatives, linear free energy relationships (gray 
dashed lines) are observed for proton transfer from NH2PhOH+● (slope = 1.66) and from NH2PhO+● 
(slope = 1.65). Including proton transfer from these radical cations to NH2PhOH, the data fit best to a 
quadratic relationship (blue and red dashed lines). 
 
When the rate constants for proton transfer from NH2PhOH●+ (k6) and NH2PhO+ (k7) 
to NH2PhOH are added to the plot (pKa(NH3PhOH+) = 12.5), these data points fall off the 
linear trend lines defined by the four R-7DMAQ bases, lending distinct curvature to the 
ln(kPT)–pKa relationship (Figure 3.37). While NH2PhOH is a structurally distinct base from 
the R-7DMAQ class of compounds, examples of free energy relationships in proton transfer 
reactions involving nitrogen and oxygen acids and bases have been shown to hold across a 
range of proton donors/acceptors.74 The data sets (k2 and k6, k4 and k7) fit well to parabolas, 
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consistent with the quadratic correlation between ΔG‡ (the free energy of activation) and –
ΔGPT predicted by Marcus for proton transfer reactions.41,67,69,75,76 In this context, the linear 
relation observed for proton transfer to the R-7DMAQ bases could simply result from the 
small ΔpKa range that these data points span, across which the higher order terms of the 
quadratic can be neglected to give an apparent linear relationship for dΔG‡/dΔGPT.31,69,77 
While parabolic free energy relationships have long been theorized for proton 
transfer,75,76,78,79 limited experimental examples revealing these relationships are available, 
especially in either non-aqueous solvents or as part of a PCET process.69,74,76,80 
Unfortunately, the system studied in this work limits the range of driving forces that can be 
examined, preventing a more definitive assessment of the free energy relationship for proton 
transfer. Nevertheless, these data enhance our understanding of free energy relationships for 
proton transfer processes in PCET reactions.  
3.4. Conclusions 
Utilizing a series of 7-dimethylamino quinoline derivatives as photometric bases, 
both the PT and ET components of the PCET oxidation of NH2PhOH were optically 
monitored upon rapid-mixing via stopped-flow. Analysis of this complex multi-electron, 
multi-proton reaction was enabled by spectroscopic handles for both proton transfer and 
electron transfer. A comprehensive kinetics model was constructed, from which rate 
constants for elementary reaction steps were determined. These data reveal free energy 
relationships between PT rate constants and the pKa values for the conjugate acids of the 
proton acceptors over the driving force range examined that suggest a Marcus relationship 
for proton transfer. Notably, linear free energy relationships for PT components of PCET 
reactions have recently been reported by our group for elementary proton transfer steps 
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involved in hydrogen evolution catalyzed by transition metal complexes.33,34 Taken together, 
these experimentally determined relationships enhance our understanding of PT processes in 
PCET reactions, and provide a framework to continue studying these types of reactions in a 
more comprehensive fashion. 
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3.5. Experimental Details 
All solutions for electrochemical and stopped-flow analyses were prepared in a 
nitrogen-filled glovebox. The acetonitrile used (Fisher Scientific, HPLC, >99.9%) was 
degassed with argon and dried with a Pure Process Technology Solvent System. Reagents 
were purchased from Sigma Aldrich with the exception of 3,4-dimethoxyphenylboronic acid 
(VWR), 3,5-bis(trifluoromethyl)phenylboronic acid (Matrix), and phenylboronic acid 
(Chem-Impex). 2-picoline, tetrafluoroboric acid diethyl ether complex, and aniline were 
degassed via the freeze-pump-thaw method (3+ cycles) and stored under inert atmosphere. 
UV-vis spectra were collected on an Agilent Cary 60 spectrometer. Spectrophotometric 
titrations were carried out in a nitrogen-filled glovebox using fiber optics that feed through 
the glovebox and couple to the Cary 60 spectrometer. Molar extinction coefficients were 
determined spectroscopically using the Cary 60 Spectrometer and the Beer-Lambert 
relationship. Mass spectrometry was carried out with a LTQ FT (ICR 7T) (ThermoFisher, 
Bremen, Germany) mass spectrometer. Measurements were made on complexes dissolved in 
methanol. Samples were introduced via a microelectrospray source at a flow rate of 3 
µL/min. Xcalibur (ThermoFisher, Bremen, Germany) was used to analyze the data. 
Synthesis of 7-dimethylaminoquinoline Derivatives 
7-dimethylaminoquinoline (H-7DMAQ) 
Unsubstituted 7-dimethylaminoquinoline (H-7DMAQ) was obtained via Skraup 
reaction as described by Picken81 with a modification from Ozerov.82 1.0 g (4.8 mmol) 3-
(N,N-dimethylamino)aniline dihydrochloride was dissolved in 10 mL of H2O and to it 20 mL 
of 1.0 M sodium hydroxide was added. Dichloromethane (4 x 25 mL) was used to extract the 
basic aniline, and the combined organic layers were concentrated in vacuo to a brown oil in a 
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round bottom flask. Glycerol (0.5 mL, 6.8 mmol) and sodium iodide (1.08 g, 7.2 mmol) were 
added. The reaction flask was put on ice and concentrated sulfuric acid (2.7 mL) was added 
dropwise. The mixture was heated to reflux (140° - 150° C) for a period of 3 hours. After 
cooling, equal volumes (40 mL) of H2O and CH2Cl2 were used to transfer the mixture to a 
250 mL Erlenmeyer flask. The Erlenmeyer flask was placed in an ice bath, and the mixture 
was basified with aqueous sodium hydroxide (1.0 M) until pH paper confirmed the solution 
was alkaline. Sodium sulfite was added to quench any remaining I2, and the reaction mixture 
was filtered. CH2Cl2 (4 x 25 mL) was used to extract the organic product. The organic layer 
was dried (MgSO4), filtered, concentrated to an oil, and purified on silica gel (eluent, 
chloroform/methanol 99.5/0.5 to 95/5) yielding H-7DMAQ as a yellow oil (0.39 g, 47% 
yield). 1H NMR (400 MHz, CDCl3) δ (ppm): 8.74 (d, 1H), 7.96 (d, 1H), 7.64 (d, 1H), 7.19 
(dd, 1H,), 7.16 (d, 1H), 7.10 (dd, 1H), 3.10 (s, 6H, s). 
General Procedures for Aryl-Substituted 2,4-R-7-dimethylaminoquinoline derivatives 
The four aryl-substituted 2,4-R-7-dimethylaminoquinoline derivatives (R-7DMAQ) 
were synthesized in three steps.  
2,4-Dihydroxy-7-dimethylaminoquinoline 
The synthesis of 2,4-dihydroxy-7-dimethylaminoquinoline was adapted from 
Knierzinger and Wolfbeis.83 3-(N,N-dimethylamino)aniline dihydrochloride (2.0 g, 9.6 
mmol) was dissolved in 10 mL of H2O and to it 40 mL of 1.0 M sodium hydroxide was 
added. The solution was poured into a separation funnel and CH2Cl2 (4 x 50 mL) was used to 
extract the basic aniline. The combined organic layers were concentrated in vacuo. 
Diethylmalonate (1.5 mL, 9.6 mmol) was added to the round bottom containing the aniline, a 
Dean-Stark apparatus was fitted to the flask (to distill off ethanol produced in situ), and the 
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mixture was refluxed between 180-200°C for three hours. Upon cooling, grayish solids were 
left behind in the reaction flask. The solids were transferred to a Buchner funnel and washed 
thoroughly with H2O. Solids retained by the funnel were placed in a beaker and stirred with 
acetone. This mixture was then filtered, and the resulting solids collected are 2,4-dihydroxy-
7-dimethylaminoquinoline (2,4-OH-7DMAQ) (1.4 g, 75% yield). 1H NMR (400 MHz, 
CD2Cl2) δ (ppm): 10.83 (s, 1H, -OH), 10.70 (s, 1H, -OH), 7.54 (d, 1H, Ar-H), 6.60 (dd, 1H, 
Ar-H), 6.40 (d, 1H, Ar-H), 5.42 (s, 1H, Ar-H), 2.95 (s, 6H, CH3).  
2,4-Dibromo-7-dimethylaminoquinoline 
The synthesis of 2,4-dibromo-7-dimethylaminoquinoline (2,4-Br-7DMAQ) was 
adapted from Janin et al.84 To a round bottom containing a teflon-coated stir bar, 2,4-OH-7-
DMAQ (1.0 g, 4.9 mmol), POBr3 (7.0 g, 24.5 mmol) and K2CO3 (2.0 g, 14.7 mmol) were 
added. This mixture was dissolved in dry acetonitrile (60 mL) and refluxed for three hours at 
80°C. After the mixture cooled, water was slowly added to the reaction vessel until the 
solution stopped bubbling. Aqueous sodium hydroxide (2 M) was then added until the 
solution reached neutral pH and a precipitate formed. CH2Cl2 (4 x 50 mL) was then used to 
extract the organic product. A simple silica column with CH2Cl2 mobile phase separated the 
product mixture (typically the second yellow band to elute). 2,4-Br-7DMAQ was obtained as 
a green-yellow crystalline powder (0.53 g, 33%). 1H NMR (400 MHz, CD2Cl2) δ (ppm): 7.89 
(d, 1H, Ar-H), 7.44 (s, 1H, Ar-H), 7.14 (dd, 1H, Ar-H), 6.99 (d, 1H, Ar-H), 3.09 (s, 6H, 
CH3).  
 
2,4-R-7-dimethylaminoquinoline  
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The procedure for the Suzuki coupling of 2,4-dibromo-7-dimethylaminoquinoline 
with aryl-boronic acid to yield aryl-substituted 2,4-R-7-dimethylaminoquinoline (R-
7DMAQ) was adapted from Watanabe85 and Suzuki.86 In a nitrogen-filled glove box, 2,4-Br-
7-DMAQ (1 eq), an aryl boronic acid (2.2 eq), Pd(PPh3)4 (0.04 equiv.), and a teflon-coated 
stir bar were added to a Schlenk flask. The flask was removed from the glovebox in a sealed 
vessel and placed under nitrogen flow on a Schlenk line. Ba(OH)2 (3 equiv.) was degassed 
and cannula transferred to the Schlenk flask along with a mixture of degassed 
dimethoxyethane/H2O (4:1, also added via cannula transfer). The mixture was refluxed at 
85°C under a N2 atmosphere for 48 hours. Upon cooling of the reaction mixture, water was 
added to the flask to aid in transfer to a separatory funnel. The mixture was then extracted 
with CH2Cl2 and purified further using column chromatography. These details, along with 
further characterization for each R-7DMAQ, are included in the Supporting Information. 
Stopped-Flow Experiments 
Stopped-Flow rapid mixing experiments were performed on a HI-TECH SF-61DX2 
double-mixing stopped-flow spectrophotometer in single mixing mode with Kinetic Studio 
data acquisition software (v2.33). For single wavelength kinetics measurements, a tungsten 
light source and dual-beam photomultiplier tube (Hamamatsu R928) were used. For spectral 
analysis, a xenon light source and single-beam photodiode array were used. Stopped-flow 
measurements were all performed under a nitrogen atmosphere. Samples were prepared 
inside of an inert-atmosphere glovebox in septum-sealed bottles. PEEK tubing was used to 
transfer solutions directly from sealed bottles to the stopped-flow syringes. To ensure purity 
of samples analyzed, each syringe was purged three times prior to each measurement. In a 
typical experiment, one syringe was loaded with ferrocenium hexafluorophosphate (60 µM) 
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while the other was loaded with R-7DMAQ (30 µM) and varying concentrations of 
NH2PhOH (100-500 µM). Upon injection, absorbance vs. time was monitored at various 
wavelengths for kinetics traces. Fitting of the data was carried out in MATLAB (The 
MathWorks, Inc.) and is described elsewhere in the text. 
 
Electrochemistry 
All electrochemical measurements were performed in a nitrogen-filled glovebox, using 
electrode leads that were fed through a custom port and connected to a Pine Instruments 
WaveDriver potentiostat. A three-electrode cell was used for all experiments, utilizing 
platinum working electrodes, a glassy carbon counter electrode (CH Instruments, 3 mm 
diameter), and a silver wire pseudo-reference that had been immersed in a glass tube fitted 
with a porous Vycor tip and filled with a 0.25 M [Bu4N][PF6] acetonitrile solution. The 
glassy carbon electrodes were polished using a Milli-Q water slurry of 0.05 micron polishing 
powder (CH instruments, containing no agglomerating agents), rinsed and sonicated in Milli-
Q water, and rinsed with acetone. Working electrodes were electrochemically pretreated with 
two cyclic scans between 1.5 and –2.5 V at 200 mV/s in 0.25 mM [Bu4N][PF6] solution. 
Background voltammograms of electrolyte-only solutions were collected for every electrode 
at the appropriate scan rate. All voltammograms were recorded in 0.25 M [Bu4N][PF6] 
acetonitrile solutions and internally referenced to ferrocene. 
 
Spectrophotometric Titrations 
The pKa of each of the R-7DMAQs in acetonitrile was determined by 
spectrophotometric titration. First, an acetonitrile solution of each R-7DMAQ was prepared 
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and an absorbance spectrum recorded. One equivalent of HBF4·Et2O was then added to form 
R-7DMAQH+ in situ, and another spectrum recorded. 2-picoline (pKa = 13.32) was titrated 
into the R-7DMAQH+ solution, and the change in absorbance was monitored by UV-vis 
spectroscopy. Concentrations of R-7DMAQH+, R-7DMAQ, and 2-picoline were calculated 
based on the absorption of R-7DMAQH+ and the initial concentration of each reagent. Linear 
regression plots (shown below) were used to determine the pKa of each R-7DMAQ.7,17  
Quantification of Equilibria and Rate Constants 
The proton transfer equilibrium existing between R-7DMAQH+ and NH2PhOH in 
CH3CN was investigated spectroscopically. An acetonitrile solution of each R-7DMAQH+ 
was prepared by adding one equivalent of HBF4·Et2O to R-7DMAQ and an absorbance 
spectrum recorded. NH2PhOH was titrated into the R-7DMAQH+ solution, and the change in 
absorbance was monitored by UV-vis absorbance spectroscopy after each successive 
addition. Concentrations of each species in solution were calculated based on the change in 
absorption of R-7DMAQH+ and the initial concentrations of each reagent. Plotting ([R-
7DMAQ]*[NH3PhOH+])/[R-7DMAQH+] versus [NH2PhOH] should give a straight line with 
a slope equal to Keq for this interaction. The pKa of R-7DMAQH+ + log(Keq) then provides 
the pKa of NH3PhOH+.7,17  
Modified Benesi-Hildebrand Analysis 
In order to determine the equilibrium constant for the associated of R-7DMAQ with 
Fc+, a modified Benesi-Hildebrand analysis was performed. The Benesi-Hildebrand method 
requires that one of the species be present in large excess, however, these conditions are not 
possible for this system. The analysis described below was modified from the original 
report,87 and this modified equation has been previously utilized.64 Equation S1 is a 
115 
 
rearrangement of the equilibrium expression (Equation 3.9), solved for the concentration of 
adduct, [R-7DMAQ…Fc+]. R-7DMAQ0 is the initial concentration of R-7DMAQ in solution, 
Fc0+ is the concentration of ferrocenium added, and Kobs is the equilibrium constant for 
adduction (k9/k–9). Equation 3.10 allows the Benesi-Hildebrand equation to be rearranged per 
Equation 3.11. ΔA is the change in absorbance at a given wavelength, Δε describes the 
difference in extinction coefficients between the adducted and free R-7DMAQ at the 
observed wavelength, and l represents the pathlength (1 cm in this analysis). The change in 
absorbance of R-7DMAQ (in this case, a new peak appears at lower energies than the R-
7DMAQ absorbance) was monitored as a function of added Fc+, and the resulting data was 
plotted as ΔAbs vs. Total [Fc+] added. The data was then fit to Equation 3.11, substituting in 
Equation 3.10 for [Fc+…R-7DMAQ], leaving both Kobs and Δε to float. Values for Keq and Δε 
are reported and discussed in Section 3.3. 
 
Equation 3.10 𝐹𝑐!⋯𝑅 − 7𝐷𝑀𝐴𝑄
=  12 𝐹𝑐!! + 𝑅 − 7𝐷𝑀𝐴𝑄! + 1𝐾!"#
±  14 (𝐹𝑐!! + 𝑅 − 7𝐷𝑀𝐴𝑄! + 1𝐾!"#)! − (𝐹𝑐!! ∗ 𝑅 − 7𝐷𝑀𝐴𝑄!) 
Equation 3.11 ∆𝐴𝑏𝑠 = 𝑙∆𝜀[𝐹𝑐!⋯𝑅 − 7𝐷𝑀𝐴𝑄] 
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3.6.Details of Kinetics Modeling 
Detailed Kinetics Model 𝑁𝐻!𝑃ℎ𝑂𝐻 + 𝐹𝑐!  !!   𝑁𝐻!𝑃ℎ𝑂𝐻∙+ + 𝐹𝑐! 
 𝑁𝐻!𝑃ℎ𝑂𝐻∙+ + 𝑅 − 7𝐷𝑀𝐴𝑄 !!  𝑁𝐻!𝑃ℎ𝑂∙ + 𝑅 − 7𝐷𝑀𝐴𝑄𝐻! 
 𝑁𝐻!𝑃ℎ𝑂∙ + 𝐹𝑐! !!  𝑁𝐻!𝑃ℎ𝑂+ + 𝐹𝑐! 
 𝑁𝐻!𝑃ℎ𝑂+ + 𝑅 − 7𝐷𝑀𝐴𝑄 !!  𝑁𝐻𝑃ℎ𝑂 + 𝑅 − 7𝐷𝑀𝐴𝑄𝐻! 
 𝑁𝐻!𝑃ℎ𝑂𝐻 + 𝑅 − 7𝐷𝑀𝐴𝑄𝐻! 𝑘!⇌𝑘!! 𝑁𝐻!𝑃ℎ𝑂𝐻! + 𝑅 − 7𝐷𝑀𝐴𝑄 
 𝑁𝐻!𝑃ℎ𝑂𝐻∙+ + 𝑁𝐻!𝑃ℎ𝑂𝐻 !!  𝑁𝐻!𝑃ℎ𝑂∙ + 𝑁𝐻!𝑃ℎ𝑂𝐻! 
 𝑁𝐻!𝑃ℎ𝑂+ + 𝑁𝐻!𝑃ℎ𝑂𝐻 !!  𝑁𝐻𝑃ℎ𝑂 + 𝑁𝐻!𝑃ℎ𝑂𝐻! 
 2 𝑁𝐻𝑃ℎ𝑂 !!  𝐹𝑢𝑟𝑡ℎ𝑒𝑟 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 
 𝐹𝑐+ + 𝑅 − 7𝐷𝑀𝐴𝑄 𝑘!⇌𝑘!![𝐹𝑐!⋯𝑅 − 7𝐷𝑀𝐴𝑄] 
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Differential equations employed for kinetic models 
 𝑑 𝑁𝐻!𝑃ℎ𝑂𝐻𝑑𝑡 =  −𝑘! 𝑁𝐻!𝑃ℎ𝑂𝐻 𝐹𝑐! − 𝑘! 𝑁𝐻!𝑃ℎ𝑂𝐻 𝑅7𝐷𝑀𝐴𝑄𝐻!+ 𝑘!! 𝑅7𝐷𝑀𝐴𝑄 𝑁𝐻!𝑃ℎ𝑂𝐻! − 𝑘! 𝑁𝐻!𝑃ℎ𝑂𝐻 𝑁𝐻!𝑃ℎ𝑂𝐻!∎− 𝑘! 𝑁𝐻!𝑃ℎ𝑂𝐻 𝑁𝐻𝑃ℎ𝑂𝐻!∎  
 𝑑[𝐹𝑐!]𝑑𝑡 =  −𝑘! 𝑁𝐻!𝑃ℎ𝑂𝐻 𝐹𝑐! − 𝑘! 𝐹𝑐! 𝑁ℎ𝑃ℎ𝑂𝐻 − 𝑘! 𝐹𝑐! 𝑅7𝐷𝑀𝐴𝑄 + 𝑘!![𝐹𝑐!− 𝑅7𝐷𝑀𝐴𝑄] 
 𝑑[𝑁𝐻!𝑃ℎ𝑂𝐻!∎]𝑑𝑡 =  𝑘! 𝑁𝐻!𝑃ℎ𝑂𝐻 𝐹𝑐! − 𝑘![𝑁𝐻!𝑃ℎ𝑂𝐻!∎][𝑅7𝐷𝑀𝐴𝑄]− 𝑘! 𝑁𝐻!𝑃ℎ𝑂𝐻 𝑁𝐻!𝑃ℎ𝑂𝐻!∎  
 𝑑[𝐹𝑐!]𝑑𝑡 =  𝑘! 𝑁𝐻!𝑃ℎ𝑂𝐻 𝐹𝑐! + 𝑘! 𝐹𝑐! 𝑁𝐻𝑃ℎ𝑂𝐻  
 𝑑[𝑅7𝐷𝑀𝐴𝑄]𝑑𝑡 =  −𝑘! 𝑁𝐻!𝑃ℎ𝑂𝐻!∎ 𝑅7𝐷𝑀𝐴𝑄 − 𝑘! 𝑁𝐻𝑃ℎ𝑂𝐻!∎ 𝑅7𝐷𝑀𝐴𝑄+ 𝑘! 𝑁𝐻!𝑃ℎ𝑂𝐻 𝑅7𝐷𝑀𝐴𝑄𝐻! − 𝑘!![𝑅7𝐷𝑀𝐴𝑄][𝑁𝐻!𝑃ℎ𝑂𝐻!]− 𝑘! 𝐹𝑐! 𝑅7𝐷𝑀𝐴𝑄 + 𝑘!![𝐹𝑐! − 𝑅7𝐷𝑀𝐴𝑄] 
 𝑑[𝑁𝐻𝑃ℎ𝑂𝐻]𝑑𝑡 =  𝑘! 𝑁𝐻!𝑃ℎ𝑂𝐻!∎ 𝑅7𝐷𝑀𝐴𝑄 − 𝑘![𝐹𝑐!][𝑁𝐻𝑃ℎ𝑂𝐻]+ 𝑘! 𝑁𝐻!𝑃ℎ𝑂𝐻 𝑁𝐻!𝑃ℎ𝑂𝐻!∎  
 𝑑[𝑅7𝐷𝑀𝐴𝑄𝐻!]𝑑𝑡 =  𝑘! 𝑁𝐻!𝑃ℎ𝑂𝐻!∎ 𝑅7𝐷𝑀𝐴𝑄 + 𝑘! 𝑁𝐻𝑃ℎ𝑂𝐻!∎ 𝑅7𝐷𝑀𝐴𝑄− 𝑘! 𝑁𝐻!𝑃ℎ𝑂𝐻 𝑅7𝐷𝑀𝐴𝑄𝐻! + 𝑘!![𝑅7𝐷𝑀𝐴𝑄][𝑁𝐻!𝑃ℎ𝑂𝐻!] 
 𝑑[𝑁𝐻𝑃ℎ𝑂𝐻!∎]𝑑𝑡 =  𝑘! 𝐹𝑐! 𝑁𝐻𝑃ℎ𝑂𝐻 − 𝑘! 𝑅7𝐷𝑀𝐴𝑄 𝑁𝐻𝑃ℎ𝑂𝐻!∎− 𝑘![𝑁𝐻!𝑃ℎ𝑂𝐻][𝑁𝐻𝑃ℎ𝑂𝐻!∎] 
 𝑑[𝑁𝐻𝑃ℎ𝑂]𝑑𝑡 =  𝑘! 𝑅7𝐷𝑀𝐴𝑄 𝑁𝐻𝑃ℎ𝑂𝐻!∎ + 𝑘! 𝑁𝐻!𝑃ℎ𝑂𝐻 𝑁𝐻𝑃ℎ𝑂𝐻!∎− 𝑘![𝑁𝐻𝑃ℎ𝑂][𝑁𝐻𝑃ℎ𝑂] 
 𝑑[𝐹𝑐! − 𝑅7𝐷𝑀𝐴𝑄]𝑑𝑡 =  𝑘! 𝐹𝑐! 𝑅7𝐷𝑀𝐴𝑄 − 𝑘!![𝐹𝑐! − 𝑅7𝐷𝑀𝐴𝑄] 
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𝑑 𝐹𝑢𝑟𝑡ℎ𝑒𝑟 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠𝑑𝑡 =   𝑘![𝑁𝐻𝑃ℎ𝑂][𝑁𝐻𝑃ℎ𝑂] 
 
 
To simulate the kinetics traces, this series of differential equations was solved numerically 
with an ordinary differential equations solver. We utilized ode23 in MATLAB. The details of 
the simulations and the MATLAB *.m files employed are provided below. 
 
*Note that the rate constants described below are not numbered in the same fashion as 
described above and in the main text. More specifically, the equilibrium expressions are not 
in the same order as above, and the forward and reverse steps for these expressions are also 
given individual numbers (i.e. k5 and k6 instead of k5/-5). Please refer to the annotations below 
(in green) for an accurate description of each of the reagents and rate constants used in this 
analysis. 
 
Input needed to complete simulated fits: 
Timescale: logtimespan = [0.001:0.005:0.1]; timespan = logtimespan; 
Molar extinction coefficients for DMAQ, Fc+-DMAQ adduct, and Fc+:  
epsDMAQ = X; X = 6000, 9800, 13200,  or 20500 depending on the DMAQ being 
modeled 
epsFcDMAQ = X; X = 6000, 9800, 13200,  or 20500 depending on the DMAQ being 
modeled 
epsFc = 420; 
Vector defining rate constants k1 – k11: k = [k1; k2; k3; k4; k5; k6; k7; k8; k9; k10; k11]; 
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Vector defining initial concentrations of all reactants, intermediates, and products: y0 = 
[NH2PhOH; Fc+; NH2PhOH radical cation; Fc0; R-7DMAQ; NHPhOH; R-7DMAQH+; 
NHPhOH radical cation; NHPhO; Fc+-DMAQ; NH3PhOH+; product of 2NHPhO]; this 
typically would be entered as y0 = [x;60e-6;0;0;30e-6;0;0;0;0;0;0;0]; where x = 100-500e-6 
depending on the concentration of NH2PhOH being modeled. 
 
StepWise_ECEC_v2(t,y,k) (script below) describes the various rate expressions associated 
with kinetics of the reactions described in Scheme S2. y(x) values represent concentrations, 
and k(x) values represent rate constants. 
 
function [yprime] = StepWise_ECEC_v2(t,y,k) 
%y(1) = NH2PhOH 
%y(2) = Fc+  
%y(3) = NH2PhOHradcat 
%y(4) = Fc0 
%y(5) = R-7DMAQ 
%y(6) = NHPhOH 
%y(7) = R-7DMAQH+ 
%y(8) = NHPhOHradcat 
%y(9) = NHPhO 
%y(10) = Fc+-DMAQ 
%y(11) = NH3PhOH+ 
%y(12) = Product of 2 NHPhO 
%k(1) = rate of ET from NH2PhOH to Fc+ 
%k(2) = rate of PT from NH2PhOHradcat to R-7DMAQ 
%k(3) = rate of ET from NHPhOH to Fc+ 
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%k(4) = rate of PT from NHPhOHradcat to R-7DMAQ 
%k(5) = forward equilibrium for Fc+-DMAQ adduct 
%k(6) = reverse equilibrium for Fc+-DMAQ adduct 
%k(7) = rate of PT from NH2PhOHradcat to NH2PhOH 
%k(8) = rate of PT from NHPhOHradcat to NH2PhOH 
%k(9) = forward equilibrium of PT from R-7DMAQH+ to NH2PhOH 
%k(10) = reverse equilibrium of PT from R-7DMAQH+ to NH2PhOH 
%k(11) = further product formation 
  
 
 
 
%d[NH2PhOH]/dt 
yprime(1) = -k(1).*y(1).*y(2) - k(7).*y(1).*y(3) - k(8).*y(1).*y(8) - k(9).*y(1).*y(7) + k(10).*y(5).*y(11); 
%d[Fc+]/dt 
yprime (2) = -k(1).*y(1).*y(2)- k(3).*y(2).*y(6) - k(5).*y(2).*y(5) + k(6).*y(10); 
%d[NH2PhOHradcat]/dt 
yprime(3) = k(1).*y(1).*y(2) - k(2).*y(3).*y(5) - k(7).*y(1).*y(3); 
%d[Fc0]/dt 
yprime(4) = k(1).*y(1).*y(2) + k(3).*y(2).*y(6); 
%[R-7DMAQ]/dt 
yprime(5) = -k(2).*y(3).*y(5) - k(4).*y(5).*y(8) - k(5).*y(2).*y(5) + k(6).*y(10) + k(9).*y(1).*y(7) - 
k(10).*y(5).*y(11); 
%[NHPhOH]/dt 
yprime(6) = k(2).*y(3).*y(5) - k(3).*y(2).*y(6) + k(7).*y(1).*y(3); 
%[R-7DMAQH+]/dt 
yprime(7) = k(2).*y(3).*y(5) + k(4).*y(5).*y(8) - k(9).*y(1).*y(7) + k(10).*y(5).*y(11); 
%[NHPhOH]/dt 
121 
 
yprime(8) = k(3).*y(2).*y(6) - k(4).*y(5).*y(8) - k(8).*y(1).*y(8); 
%[NHPhO]/dt 
yprime(9) = k(4).*y(5).*y(8) + k(8).*y(1).*y(8)-k(11).*y(9).*y(9); 
%[Fc-DMAQ]/dt 
yprime(10) = k(5).*y(2).*y(5) - k(6).*y(10); 
%[NH3PhOH+]/dt 
yprime(11) = k(7).*y(1).*y(3) + k(8).*y(1).*y(8) + k(9).*y(1).*y(7) - k(10).*y(5).*y(11); 
%[FurtherProds]/dt 
yprime(12) = k(11).*y(9).*y(9); 
  
yprime=yprime(:); 
 
PT Kinetics (440-460 nm) 
Solver_StepWise_ECEC_v2.m (script below) is used to numerically solve the differential 
equations provided in StepWise_ECEC_v2.m based on the initial value inputs. The time-
dependent concentration profiles for each species are multiplied by the appropriate molar 
absorptivity coefficients at the wavelength of interest (440-460 depending on the R-7DMAQ 
being analyzed) and the optical pathlength (1 cm). These absorbance values are summed to 
generate the simulated stopped-flow traces, which are then plotted and compared to 
experimental data. 
 
[Tcalc,Ycalc]=ode23s(@(t,y)StepWise_ECEC_v2(t,y,k),timespan,y0); 
%Differential equation solver used to compute a simulated concentration 
%profile based on the differential equations describing the electron 
%transfer reactions 
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dOD_calc_460=(Ycalc(:,7)*epsDMAQ + Ycalc(:,10)*epsFcDMAQ); 
%+Ycalc(:,9)*epsFcDMAQ); 
%converts calculated concentration profile into a simulated SF spectrum by 
%the vector of epsilon values 
%dOD_calc_460 is used for the data at 460 nm with DP7DMAQ 
  
plot(Tcalc,dOD_calc_460','ko'); 
hold on; 
ET Kinetics (620 nm) 
Solver_StepWise_Fc_ECEC_v2.m (script below) is used to numerically solve the differential 
equations provided in StepWise_ECEC_v2.m based on the initial value inputs. The time-
dependent concentration profiles for each experiment are multiplied by the appropriate molar 
absorptivity coefficient (at 620 nm) and the optical pathlength (1 cm). This absorbance value 
is used to generate simulated stopped-flow spectra, which are then plotted and compared to 
experimental data. 
  
[Tcalc,Ycalc]=ode23s(@(t,y)StepWise_ECEC_v2(t,y,k),timespan,y0); 
%Differential equation solver used to compute a simulated concentration 
%profile based on the differential equations describing the electron 
%transfer reactions 
  
dOD_calc_620=(Ycalc(:,2)*epsFc); 
%converts calculated concentration profile into a simulated SF spectrum by 
%the vector of epsilon values 
%dOD_calc_460 is used for the data at 460 nm with DP7DMAQ 
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plot(Tcalc,dOD_calc_620','ko'); 
hold on; 
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CHAPTER 4: EXCITED-STATE AND THERMAL PROTON TRANSFER 
REACTIONS OF QUINOLINE PHOTOBASES: INFLUENCES OF DRIVING 
FORCE, ELECTRONIC STRUCTURE AND HYDROGEN-BONDING 
4.1. Introduction 
Proton Transfers (PT) are an important class of fundamental reactions that are 
pervasive in all aspects of chemistry.1–3 These processes play a vital role in acid-base 
catalysis4, enzymatic catalysis5, photosynthesis6–9, and the development of new energy 
technologies10–12 among other areas. Therefore, studying PT to better understand how these 
reactions operate and how to control them can have far reaching applications across the 
chemical landscape. One subset of PT that is particularly interesting is excited state proton 
transfer (ESPT). Coupling PT to light absorption is of great interest to those developing 
energy technologies based on light-driven fuel production.13–16 As the production of fuels 
like hydrogen and methanol from water and carbon dioxide involve coupling PT and electron 
transfer, we posit that a stronger fundamental understanding of ESPT will result in a better 
understanding of how to promote more complex PCET reactions with light. However, 
developing systems that allow for precise study of ESPT is no simple task. 
In the field of ESPT, photoacids — molecules whose electronic excited state is more 
acidic than ground state — have been studied much more comprehensively than photobases 
— molecules observed to become more basic upon excitation.17–19 Not only have the 
photophysics behind the phenomenon of photoacidity been more thoroughly examined, but 
there are extensive studies in the literature investigating the behavior of photoacids.17,18,20 
Naphthol10,20,21  and pyrene19 derivatives are some of the most well-studied photoacids, with 
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these structures offering tunability in the absorbance, emission, and pKa of the photoacid. As 
such, they have been used to study everything from hydrogen evolution catalysis10 to donor-
acceptor distance relationship in proton-coupled electron transfer reactions.22–24 Photobases, 
on the other hand, are less well studied with fewer known examples in the literature, with 
acridines,13,25–27 quinolines,14,28–30 and coumarins31,32 being some of the better-known 
structures exhibiting photobasic behavior. 
Quinolines are a particularly attractive motif for studying ESPT with photobases, as 
our lab has previous experience synthesizing and characterizing 2,4-aryl-7-
dimethylaminoquinolines (R-7DMAQ). In a recently reported study, a series of R-7DMAQS 
were employed as optical probes for the PT step in a thermal PCET reaction.33 R-7DMAQs 
undergo a red shift in their ground state absorbance upon protonation of the quinoline 
nitrogen, providing an optical handle for PT events. By varying the substituent at the 2- and 
4-positions, the pKa, and thus driving force for PT can be varied. These molecules were only 
used to study ground state PT processes, however, and because it has long been known that 
quinolines exhibit an enhanced basicity upon excitation, the R-7DMAQ platform also 
provides an excellent opportunity to more deeply explore ESPT.14,28,29 In the present work we 
investigate the excited-state and thermal PT reactions of the photobase 2,4-Bis(3,5-
trifluoromethyl)phenyl-7-dimethylaminoquinoline (CF3-7DMAQ), and reveal that PT driving 
force, hydrogen bonding and electronic structure all influence the reaction kinetics of 
elementary proton transfer processes.  
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4.2. Electronic Structure of Quinolines 
The electronic origins of quinoline photobasicity were recently detailed eloquently by 
Dawlaty and coworkers.14 Quinolines have two accessible electronic states in the UV-visible 
range, 1La and 1Lb, where 1La represents increased atomic centered charge density and 1Lb 
represents increased charge density centered on bonds. As such, excitation to the lower lying 
1La state results in increased charge density on the quinoline nitrogen, resulting in an 
enhanced pKa of the N-heterocycle.14 Further evidence for this electronic assignment has 
been observed in 3- and 6-aminoquinolines.28,29 In these instances, excitation of the quinoline 
moves electron density away from the amino group, making it more acidic, while the 
quinoline nitrogen becomes more basic; a similar phenomenon is also observed in amino-
substituted coumarins.31,32 These same electronic structure factors are key to the photo-
induced reactivity of R-7DMAQs, but what makes them especially unique for the study of 
PT reactions is the ground-state absorbance features imparted by the dimethylamino 
substituent on the quinoline ring. This group alters the electronics of R-7DMAQs, giving 
them a broad absorbance feature in the visible region (~400 nm) corresponding to an 
intramolecular charge transfer from the dimethylamino to the quinoline ring.28 While strong 
visible light absorption is useful for carrying out photophysical and chemical measurements, 
R-7DMAQs also undergo a large red shift (~70 nm) in optical absorbance upon protonation 
of the quinoline nitrogen. This absorbance shift provides an excellent optical handle for 
monitoring PT reactions in the visible region, complementing the photoluminescence 
measurements typically employed in the study of photoacids and photobases.  
132 
 
4.3.Results and Discussion 
CF3-7DMAQ was synthesized according to a previously reported procedure.33 The 
absorbance spectrum of CF3-7DMAQ in acetonitrile has a maximum absorbance at 410 nm 
(λabs = 415 nm, ε = 5,190 M-1 cm-1, Figure 4.1), and upon protonation to form its conjugate 
base, the absorbance feature shifts ~70 nm while also increasing in molar absorptivity (λabs = 
490 nm, ε = 11,270 M-1 cm-1, Figure 4.1). 
 
 
 
Figure 4.1. (Top) Structure and (bottom) corresponding UV-vis absorbance spectrum of CF3-7DMAQ 
(blue) in acetonitrile (87 µM) and its conjugate acid CF3-7DMAQH+ (red, formed in situ upon the 
addition of 1 equivalent of HBF4). 
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The pKa of the conjugate acid of CF3-7DMAQ was determined in acetonitrile via 
spectrophotometric titration with aniline (pKa = 11.5, Figure 4.2). Of note, this R-7DMAQ 
derivative is 2.7-3.7 pKa units lower than previously reported derivatives with electron-
donating aryl substituents at the 2,4-positions.33  
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Figure 4.2. (top) Spectrophotometric titration of 87 µM CF3-7DMAQ with aniline (B) (pKa = 10.62). 
Aniline and anilinium (BH+) are transparent in the region recorded and do not contribute to the 
overall signal. (bottom) The slope of  ([7DMAQ][BH+])/[7MAQH+]) vs. [B], determined by 
monitoring the absorbance at 480 nm, can be used to determine the pKa of CF3-7DMAQ (pKa = 11.5 
in CH3CN). 
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The emissive properties of CF3-7DMAQ in acetonitrile were also examined; it 
exhibits a strong fluorescence signal upon excitation, with λmax = 552 nm and a lifetime of τ 
= 30 ns (Figure 4.3). The conjugate acid, CF3-7DMAQH+, also fluoresces when excited, albeit 
with much less intensity, and has a λmax = 670 nm and lifetime of τ < 150 ps; similar to the 
ground state absorbance spectrum, this emission is red shifted compared to that of the basic 
species. 
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Figure 4.3. Steady-state luminescence (top) and lifetime (bottom) of CF3-7DMAQ in acetonitrile (50 
µM). Maximum λem = 553 nm and the measured lifetime of CF3-7DMAQ τ = 30 ns (λobs = 560 nm).  
 
The values of E00 for CF3-7DMAQ (Figure 4.4) and its conjugate acid (Figure 4.5) 
were estimated from the overlap between normalized absorbance and emission spectra. From 
these values, the Förster cycle was used to calculate the excited-state pKa of CF3-
7DMAQ.13,14,18,34 
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Figure 4.4. Normalized absorbance (blue) and emission (red) spectrum of CF3-7DMAQ in acetonitrile 
(87 µM). The 0 – 0 energy gap can be estimated from the overlap of these two spectra (or the average 
of the maximum of the absorbance/emission) and was calculated to be E00 = 2.56 eV. 
 
 
Figure 4.5. Normalized absorbance (blue) and emission (red) spectrum of CF3-7DMAQH+ in 
acetonitrile (87 µM). The 0 – 0 energy gap can be estimated from the overlap of these two spectra (or 
the average of the maximum of the absorbance/emission) and was calculated to be E00 = 2.19 eV. 
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From the E00 values and the ground-state pKa, the excited-state pKa of CF3-
7DMAQH+ was determined (17.7). The six unit increase in pKa is consist with what has been 
measured for other N-heterocycles (Figure 4.6, Section 4.5).13,14,29  
 
 
Figure 4.6. Square scheme detailing Forster cycle calculations for determining the pKa of CF3-
7DMAQ*. 
 
Photoluminescence measurements to experimentally validate the photobasic 
properties of CF3-7DMAQ were subsequently undertaken using a series of five acids with 
pKa values ranging from 15.0 – 18.8 in acetonitrile (Figure 4.7, acids and corresponding pKa 
are shown in Table 4.1). 35–37  
 
*CF3-7DMAQH+ *CF3-7DMAQ + H+
CF3-7DMAQ + H+
ΔG = 24.2 kcal/mol
pKa* = 17.7
E00 = 59.1 
kcal/mol
ΔG = 15.7 kcal/mol
pKa = 11.5
E00 = 50.6
kcal/mol
CF3-7DMAQH+
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Figure 4.7. Scheme detailing reactions being monitored in this study. Excitation of CF3-7DMAQ 
results in ESPT from an acid to the quinoline. Thermal recombination occurs quickly thereafter. 
 
 
Table 4.1. Experimentally measured parameters and rate constants for quenching, hydrogen bonding, 
and proton transfer between CF3-7DMAQ and a series of five acids. 
Acid pKa KSV1  kq  
(M-1 s-1) 2 
KD 
(M-1) 2 
KS 
(M-1) 
3
 
HPYR 
(M-1) 
4 
HDMA 
(M-1) 
4 
kBPT 
(M-1 
s-1) 5 
Collidinium 15.0 40.4 7.97 x 
108 
23.9 24.1 8.8 1.2 7.8 x 
108 
2-
Ammoniumbenzimi
dazole 
16.1 50.5 1.42 x 
109 
42.7 2.6 2.3 0.1 2.1 x 
109 
Benzylammonium 16.9 35.4 1.21 x 
109 
36.3 1.2 3.7 -- 2.5 x 
109 
Isobutylammonium 17.9 18.8 6.40 x 
108 
19.2 0.2 0.8 0.2 3.3 x 
109 
Triethylammonium 18.8 14.8 -- -- 14.8 1.6 38 -- 
 1KSV determined from Stern-Volmer fits of steady-state quenching. 2kq and KD determined from 
TCSPC quenching measurements. 3KS determined by fitting steady-state quenching data with a 
modified Stern-Volmer equation using experimentally determined KD. 4Values determined through 
NMR titration. 5kBPT determined via transient absorption spectroscopy. 
 
CF3-7DMAQ  +  HA
CF3-7DMAQ*  +  HA
CF3-7DMAQH+  +  A-
hv
kESPT
kTPT
CF3-7DMAQ*  +  HA
CF3-7DMAQH+*  +  A-
CF3-7DMAQ  +  HA
pKa
CF3-7DMAQH+ = 11.5
*CF3-7DMAQH+ = 17.7
CF3-7DMAQH+*  +  A-
krelax CF3-7DMAQH+  +  A-
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Figure 4.8. Chemical structures of the acids used in this study – all contain a tetrafluoroborate 
counterion. (1) Collidinium, (2) 2-Ammoniumbenzimidazole, (3) Benzylammonium, (4) 
Isobutylammonium, (5) Triethylammonium. 
 
Quenching was monitored using two different methods, steady-state luminescence 
and time-resolved luminescence (via time-correlated single photon counting ,TCSPC). 
Steady-state luminescence is useful for determining Stern-Volmer quenching constants, KSV 
(Equation 4.1, where I is the intensity at a given wavelength and Q is the concentration of 
quencher present), but this technique does not provide information on the nature of the 
quenching process (i.e. static vs. dynamic quenching, Equation 4.2 where τ represents the 
measured lifetime). TCSPC does provide information about the quenching process, as the 
luminescence lifetime of a species will only change if dynamic (diffusional) quenching is 
present; no static quenching is observed with this technique (Figure 4.9).38  
Equation 4.1 𝐼!𝐼 = 1+ 𝐾!"[𝑄] 
 
H
N
NH3
H3N
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N
H
N
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1 2 3 4 5
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Figure 4.9. Square scheme depicting the various quenching pathways for excited CF3-7DMAQ with 
acid. The left side of the square represents excitation and emission. This emission can be quenched 
dynamically (top reaction, kq[Q] = KD) or statically (bottom). 
 
 
The steady state luminescence of CF3-7DMAQ (50 µM) was monitored from 460 – 
700 nm while varying the concentration of acid present (0.5 – 5.0 mM). A Stern-Volmer 
analysis was performed and quenching of the steady-state PL was observed with all five 
acids, with Stern-Volmer constants ranging from KSV =  14.7 – 51.0 (Figure 4.10 - Figure 
4.14).  
 
*CF3-7DMAQ + HA *[CF3-7DMAQ---HA]
[CF3-7DMAQ---HA]CF3-7DMAQ + HA
Xhv hv' hv
KS
kq [Q]
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Figure 4.10. (Top) Steady-state luminescence spectra obtained from acetonitrile solutions of CF3-
7DMAQ (50 µM) and 0 mM (red), 0.5 mM (yellow), 1.0 mM (green), 2.0 mM (blue), and 5.0 mM 
(purple) collidinium. (Bottom) Corresponding Stern-Volmer plot measured at 560 nm; KSV = 40.4. 
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Figure 4.11. (Top) Steady-state luminescence spectra obtained from acetonitrile solutions of CF3-
7DMAQ (50 µM) and 0 mM (red), 0.55 mM (yellow), 1.1 mM (green), 2.2 mM (blue), and 5.5 mM 
(purple) 2-ammoniumbenzimidazole. (Bottom) Corresponding Stern-Volmer plot measured at 560 
nm; KSV = 50.5. 
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Figure 4.12. (Top) Steady-state luminescence spectra obtained from acetonitrile solutions of CF3-
7DMAQ (50 µM) and 0 mM (red), 0.49 mM (yellow), 0.97 mM (green), 1.94 mM (blue), and 4.85 
mM (purple) benzylammonium. (Bottom) Corresponding Stern-Volmer plot measured at 560 nm; KSV 
= 35.4. 
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Figure 4.13. (Top) Steady-state luminescence spectra obtained from acetonitrile solutions of CF3-
7DMAQ (50 µM) and 0 mM (red), 0.5 mM (yellow), 1.0 mM (green), 2.5 mM (blue), and 5.0 mM 
(purple) isobutylammonium. (Bottom) Corresponding Stern-Volmer plot measured at 560 nm; KSV = 
18.8. 
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Figure 4.14. (Top) Steady-state luminescence spectra obtained from acetonitrile solutions of CF3-
7DMAQ (50 µM) and 0 mM (red), 0.5 mM (yellow), 1.0 mM (green), 2.0 mM (blue), and 5.0 mM 
(purple) triethylammonium. (Bottom) Corresponding Stern-Volmer plot measured at 560 nm; KSV = 
14.8. 
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TCSPC was employed to quantify quenching of the lifetime of CF3-7DMAQ in the 
presence of varying concentrations of acid (Figure 4.15 - Figure 4.19). From this data, the 
Stern-Volmer constant for diffusional quenching (KD) was determined (Equation 4.2); from 
this value the rate constant for dynamic quenching could be calculated. 
 
Equation 4.2 𝜏!𝜏 = 1+ 𝐾![𝑄] = 1+ 𝑘!𝜏![𝑄] 
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Figure 4.15. (Top) Luminesence lifetime decays detected at 560 nm from acetonitrile solutions of 
CF3-7DMAQ (50 µM) and 0 mM (red), 0.5 mM (yellow), 1.0 mM (green), 2.0 mM (blue), and 5.0 
mM (purple) collidinium. (Bottom) Corresponding Stern-Volmer plot; KD = 23.9, kq = 7.97 x 108 M-1 
s-1. 
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Figure 4.16. (Top) Luminesence lifetime decays detected at 560 nm from acetonitrile solutions of 
CF3-7DMAQ (50 µM) and 0 mM (red), 0.55 mM (yellow), 1.1 mM (green), 2.2 mM (blue), and 5.5 
mM (purple) 2-ammoniumbenzimidazole. (Bottom) Corresponding Stern-Volmer plot; KD = 42.7, kq 
= 1.42 x 109 M-1 s-1. 
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Figure 4.17. (Top) Luminesence lifetime decays detected at 560 nm from acetonitrile solutions of 
CF3-7DMAQ (50 µM) and 0 mM (red), 0.49 mM (yellow), 0.97 mM (green), 1.94 mM (blue), and 
4.85 mM (purple) benzylammonium. (Bottom) Corresponding Stern-Volmer plot; KD = 36.3, kq = 
1.21 x 109 M-1 s-1. 
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Figure 4.18. (Top) Luminesence lifetime decays detected at 560 nm from acetonitrile solutions of 
CF3-7DMAQ (50 µM) and 0 mM (red), 0.5 mM (yellow), 1.0 mM (green), 2.5 mM (blue), and 5.0 
mM (purple) isobutylammonium. (Bottom) Corresponding Stern-Volmer plot; KD = 19.2, kq = 6.40 x 
108 M-1 s-1. 
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Figure 4.19. (Top) Luminesence lifetime decays detected at 560 nm from acetonitrile solutions of 
CF3-7DMAQ (50 µM) and 0 mM (red), 0.5 mM (yellow), 1.0 mM (green), 2.5 mM (blue), and 5.0 
mM (purple) triethylammonium. (Bottom) Corresponding Stern-Volmer plot showing no change in 
the lifetime (or τ0/τ) as a function of [triethylammonium], indicating all quenching seen in the steady 
state is due to static quenching processes. 
 
 
Interestingly, the KSV values determined from the steady-state do not match the values 
of KD determined from TCSPC, most notably for collidinium and triethylammonium acids. In 
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fact, no diffusional quenching is observed for triethylammonium – the lifetime does not 
change as a function of acid present. Having determined KD from TCSPC measurements and 
KSV from steady-state experiments, KS (Stern-Volmer constant representing the static 
component of the overall quenching process) was also determined by fitting a modified 
Stern-Volmer equation to the steady-state quenching data (Equation 4.3, Figure 4.20 - Figure 
4.23, Table 4.1). 
Equation 4.3 𝐼!𝐼 = (1+ 𝐾![𝑄])(1+ 𝐾! 𝑄 ) 
 
 
Figure 4.20. Determination of Stern-Volmer static quenching constant, KS = 24.1 from steady-state 
luminescence data using KD determined from lifetime quenching experiments. 
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Figure 4.21. Determination of Stern-Volmer static quenching constant, KS = 2.6 from steady-state 
luminescence data using KD determined from lifetime quenching experiments. 
 
 
Figure 4.22. Determination of Stern-Volmer static quenching constant, KS = 1.2 from steady-state 
luminescence data using KD determined from lifetime quenching experiments. 
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Figure 4.23. Determination of Stern-Volmer static quenching constant, KS = 0.2 from steady-state 
luminescence data using KD determined from lifetime quenching experiments. 
 
Given that the excited state pKa of CF3-7DMAQH+ is 17.7, thermodynamics would 
predict that acids with lower pKa (i.e. collidinium) would undergo the fastest quenching. 
However, no trend between rate constant and driving force is observed for this ESPT 
reaction. Notably, collidinium and triethylammonium have much larger values of KS than the 
other three acids used. In the case of triethylammonium, all of the quenching observed is 
static in nature, no diffusional quenching was observed with this acid. This is not surprising 
as ESPT from triethylammonium to CF3-7DMAQ* is expected to be endergonic (ΔpKa = 
1.1), however, it is surprising that static quenching is observed. 
The observation of static quenching led us to hypothesize both on the nature of this 
quenching process (i.e. what is causing it), and exactly how a static process could affect PT 
rates observed. Hydrogen bonding is prevalent among acids and bases in acetonitrile, and it 
has been shown to play an important role in PT reactions (along with proton-coupled electron 
transfer reactions).28,32,39–42 Therefore, we chose to examine the extent of hydrogen bonding 
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occurring in solution between CF3-7DMAQ and acid via NMR. By monitoring the shift of 
the acidic proton peak of each acid as a function of the concentration of base added, an 
estimation of the association between the two molecules can be determined (see Section 4.5 
for details). Because CF3-7DMAQ has two protonatable sites, a dimethylamino group and a 
quinolinic nitrogen (Figure 4.24), separate experiments were carried out using either 
dimethylaniline or pyridine as models for the two H-bonding sites in CF3-7DMAQ to better 
understand how each acid interacts with the two nitrogens on CF3-7DMAQ (Figure 4.25 - 
Figure 4.33, Table 4.1).  
 
 
Figure 4.24. (Left) Depiction of hydrogen bonding between CF3-7DMAQ and HA at the 
dimethylamino and quinoline nitrogen groups. (Right) Hydrogen bonding between HA and model 
complexes used in NMR titrations, dimethylaniline and pyridine. 
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Figure 4.25. Titration of collidinium (20.7 mM) with pyridine in deuterated acetonitrile. The fit is 
represented by Equation 4.4 (Section 4.5). KHB was determined to be 8.8 ± 1.5 M-1. 
 
 
Figure 4.26. Titration of collidinium (18.0 mM) with dimethylaniline in deuterated acetonitrile. The 
fit is represented by Equation 4.4 (Section 4.5).KHB was determined to be 1.2 ± 0.2 M-1. 
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Figure 4.27. Titration of 2-ammoniumbenzimidazole (17.2 mM) with pyridine in deuterated 
acetonitrile. The fit is represented by Equation 4.4 (Section 4.5). KHB was determined to be 2.3 ± 0.4 
M-1. 
 
 
Figure 4.28. Titration of 2-ammoniumbenzimidazole (34.4 mM) with dimethylaniline in deuterated 
acetonitrile. The fit is represented by Equation 4.4 (Section 4.5). KHB was determined to be 0.1 ± 0.09 
M-1. 
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Figure 4.29. Titration of benzylammonium (7.5 mM) with pyridine in deuterated acetonitrile. The fit 
is represented by Equation 4.4 (Section 4.5). KHB was determined to be 3.6 ± 0.5 M-1. 
  
 
Figure 4.30. Titration of isobutylammonium (17.2 mM) with pyridine in deuterated acetonitrile. The 
fit is represented by Equation 4.4 (Section 4.5). KHB was determined to be 0.8 ± 0.3 M-1. 
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Figure 4.31. Titration of isobutylammonium (30.2 mM) with dimethylaniline in deuterated 
acetonitrile. The fit is represented by Equation 4.4 (Section 4.5). KHB was determined to be 0.2 ± 0.1 
M-1. 
 
 
Figure 4.32. Titration of triethylammonium (38.7 mM) with pyridine in deuterated acetonitrile. The 
fit is represented by Equation 4.4 (Section 4.5). KHB was determined to be 1.7 ± 0.7 M-1. 
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Figure 4.33. Titration of triethylammonium (34.8 mM) with dimethylaniline in deuterated 
acetonitrile. The fit is represented by Equation 4.4 (Section 4.5).KHB was determined to be 39.2 ± 4.8 
M-1. 
 
For the acids whose diffusional and steady state quenching rates were comparable 
(large KD, small KS), it is not surprising to observe little hydrogen bonding to either pyridine 
or dimethylaniline (Table 4.1). However, in the case of collidinium, significant hydrogen 
bonding is observed to pyridine (KHB = 8.8 M-1). Substantial hydrogen bonding at the proton 
accepting nitrogen of CF3-7DMAQ would account for the large static quenching component 
determined for this acid, as the excited, hydrogen-bound complex is likely to undergo 
quantitative PT and be non-emissive (Figure 4.24).  
Conversely, triethylammonium exhibits a large hydrogen bonding constant for 
dimethylaniline. PT between triethylammonium and the quinolinic nitrogen of CF3-7DMAQ 
is 1.5 kcal mol-1 uphill. As such, the observation of quenching, static or dynamic, is 
surprising, but hydrogen bonding between the acid and dimethylaniline helps explain this 
phenomenon. Excitation of CF3-7DMAQ involves intramolecular charge transfer from the 
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dimethylamino group and into the quinoline ring, with localization on the quinoline 
nitrogen.14,28,29 Strong hydrogen bonding between triethylammonium and the dimethylamino 
group distorts the electronic structure of CF3-7DMAQ and affects the intramolecular charge 
transfer (ICT) upon light absorption, resulting in static quenching. This has previously been 
observed in 3-aminoquinolines, as a hydrogen bond donor interacting with the amine 
substituent results in a decrease in the occurrence of ICT, and thus static quenching.28,29 In 
contrast to the static quenching between hydrogen-bonded quinoline and acid (at the 
quinoline nitrogen), this quenching is due not to PT, but to a disruption of the electronic 
structure of CF3-7DMAQ.28–30 Hydrogen bonding between the dimethylamino group and 
triethylammonium decreases the availability of the lone pair to participate in the transition, 
thus resulting in static quenching.  It is surprising that this hydrogen bonding is not reflected 
in absorption spectrum; a shift in the optical absorbance would be expected.39 The lack of 
diffusional quenching for this can be accounted for by the endergonic nature of this PT 
reaction, though it is worth noting that diffusional quenching is observed with 
isobutylammonium, which is also an endergonic process albeit much less so (ΔpKa = 0.2 
units uphill compared to 1.1). Because hydrogen bonding complicates the forward PT 
process, conclusions about the free energy relationship between proton transfer and driving 
force cannot be made. While a trend between KD and driving force for PT would still be 
expected, hydrogen bonding at the dimethylamino nitrogen (specifically for collidinium) also 
seems to complicate this measurement.  
Next, the thermal back PT reaction was examined (kTPT, Figure 4.7). Normally this 
recombination is spectroscopically silent, but CF3-7DMAQ provides an optical handle for PT 
that can be observed with transient absorption spectroscopy. In the presence of collidinium, 
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TA spectra of CF3-7DMAQ (λexc = 430 nm) in CH3CN were recorded at various wavelength 
intervals (450 – 570 nm) over a range of 100 µs. Within a few microseconds of excitation, a 
broad, positive feature centered around 490 nm is observed to grow in (Figure 4.34); this 
feature is not present when CF3-7DMAQ is excited in the absence of acid. Normalization of 
this transient spectrum to the ground-state absorbance spectrum of CF3-7DMAQH+ shows 
two absorbance features with striking similarities, providing strong evidence that PT is 
indeed occurring as the excited state of the quinoline is quenched.  
 
Figure 4.34. Transient difference spectrum (blue) of CF3-7DMAQ (50 µM) and collidinium (20 mM) 
taken 4 µs after laser excitation (λexc = 440 nm). The spectrum is normalized and compared to the 
ground state absorbance spectrum of CF3-7DMAQH+ (red). 
 
The thermal back PT reaction (kTPT, Figure 4.7) was monitored via single wavelength 
kinetics traces (λobs = 490 nm) for each of the acid-base reactions. Because CF3-7DMAQH+ 
and conjugate base (of the acid) are formed in a 1:1 ratio upon ESPT, the recombination 
reaction should follow a second-order equal concentration kinetics. Plotting one over the 
change in absorbance versus time results in a linear relationship, and the second-order rate 
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constants for back PT were determined from these plots (representative plots shown in Figure 
4.35 – Figure 4.38, Table 4.2). Note that no PT product was observed when triethylammonium 
was used as the acid source, hence no back PT is observed. 
 
Figure 4.35. Recombination (back PT) of CF3-7DMAQH+ and Isobutylamine in CH3CN monitored at 
490 nm and plotted as 1/ΔOD. Kinetics were fit with a linear fit and multiplied by ε = 11,000 to yield 
kBPT = 3.3 x 109 (± 1.4 x 109) M-1 s-1. 50 µM CF3-7DMAQ, 1.76 mM Isobutylammonium, λex = 430 
nm, λobs = 490 nm, 0.1 M [Bu4N][PF6]. 
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Figure 4.36. Recombination (back PT) of CF3-7DMAQH+ and Benzylamine in CH3CN monitored at 
490 nm and plotted as 1/ΔOD. Kinetics were fit with a linear fit and multiplied by ε = 11,000 to yield 
kBPT = 2.5 x 109 (± 7.0 x 108) M-1 s-1. 50 µM CF3-7DMAQ, 1.91 mM 2-Benzylammonium, λex = 430 
nm, λobs = 490 nm, 0.1 M [Bu4N][PF6]. 
 
 
Figure 4.37. Recombination (back PT) of CF3-7DMAQH+ and 2-Aminobenzimidazole in CH3CN 
monitored at 490 nm and plotted as 1/ΔOD. Kinetics were fit with a linear fit and multiplied by ε = 
11,000 to yield kBPT = 2.1 x 109 (± 3.8 x 108) M-1 s-1. 50 µM CF3-7DMAQ, 2.00 mM 2-
Ammoniumbenzimidazole, λex = 430 nm, λobs = 490 nm, 0.1 M [Bu4N][PF6]. 
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Figure 4.38. Recombination (back PT) of CF3-7DMAQH+ and Collidine in CH3CN monitored at 490 
nm and plotted as 1/ΔOD. Kinetics were fit with a linear fit and multiplied by ε = 11,000 to yield kBPT 
= 7.8 x 108 (± 3.3 x 108) M-1 s-1. 50 µM CF3-7DMAQ, 2.01 mM Collidinium, λex = 430 nm, λobs = 490 
nm, 0.1 M [Bu4N][PF6]. 
 
 
Table 4.2. Rates of back PT between CF3-7DMAQH+ and the conjugate base of each acid 
investigated. 
Acid pK
a
 -ΔGBPT (kcal mol-1) k
BPT
 (M
-1
 s
-1
) 
Collidinium 15.0 4.8 7.8 x 10
8
 
2-Ammoniumbenzimidazole 16.1 6.3 2.1 x 10
9
 
Benzylammonium 16.9 7.4 2.5 x 10
9
 
Isobutylammonium 17.9 8.8 3.3 x 10
9
 
Triethylammonium 18.8 10.0 - 
 
Contrasting the rate constants determined for the forward PT step, there is a 
noticeable trend for the rate constants for back PT reaction. One would expect faster 
recombination between CF3-7DMAQH+ (pKa = 11.5) and conjugate bases of acids with 
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higher pKa (i.e. isobutylamine); this is reflected in the calculated driving force for back PT. 
Plots of ln(kBPT) vs. –ΔGPT show clear correlation between these parameters. The data can be 
fit to a linear relationship (slope = 0.35, Figure 4.39, top), consistent with Brønsted theory and 
the Bell transition-state model for PT.3,5,43,44 A similar relationship has been observed in a 
previous study using other aryl-substituted 7-dimethylaminoquinolines, as well as in many 
other experimental systems.5,12,43–49 However, the data can also be fit with a quadratic 
function, consistent with a Marcus relationship for PT (Figure 4.39, bottom).1,5,43,44,50 There is 
a large body of theoretical work support this type of relationship, and though few examples 
have been observed experimentally there are a few available.1,5,51,52 While it qualitatively 
appears that the data could be plateauing or approaching the Marcus inverted region, large 
driving forces for PT cannot be accessed in this system: stronger acids (pKa < 15) lead to 
ground state protonation of  CF3-7DMAQ (pKa = 11.5), and weaker acids (pKa > 18.8) cannot 
protonated the excited-state of CF3-7DMAQ (pKa = 17.7). As such, stronger conclusions 
cannot be made about the nature of the free energy relationship between kPT and –ΔGPT. 
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Figure 4.39. Plot of the log of the rate of thermal back PT versus driving force for back PT fit linearly 
(blue) and to a quadratic (red). The linear fit gives a Brønsted slope = 0.15 with an r2 = 0.89. From the 
limited amount of data points (and driving force region), it is difficult to draw conclusions about the 
nature of this PT event. 
 
4.4. Conclusions 
This study examined the photobasic properties of substituted-quinoline, CF3-
7DMAQ, and exploited the unique spectral properties of this molecule to monitor both 
forward ESPT and thermal recombination. Steady state and time-resolved luminescence 
measurements were used to analyze the ESPT reaction between CF3-7DMAQ and a series of 
acids with varying pKa. Due to complex hydrogen bonding at both the quinolinic nitrogen 
and dimethylamino group, static and dynamic quenching processes were present, 
contributing to convoluted rates of PT in the forward direction. As such, no free energy trend 
was observed for this reaction. However, transient absorption spectroscopy was used to 
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analyze the recombination reaction, and a free energy relationship between the rate of PT and 
driving force for recombination was observed. This data could be fit to both a linear and 
quadratic function, though a lack of accessibility to higher driving forces prevented further 
investigation of a potential inverted region for PT. Nonetheless, the unique spectral 
properties of CF3-7DMAQ provide an excellent model for studying ESPT and PT, and 
continued investigations using quinoline motifs should provide further insight into the 
relationship between PT and driving force.
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4.5. Experimental Details 
Photoluminescence Measurements 
Steady state and time-resolved emission spectra were recorded using a commercially 
available Edinburgh FLS920 spectrometer. Steady state emission spectra were collected 
using a 1 nm step size, 5 nm bandwidth, and 0.3 s dwell time; each spectra was collected in 
triplicate and fully corrected for the spectral response of the instrument. A 330 nm high pass 
optical filter was used to minimize the amount of stray UV light in the excitation beam. 
Time-resolved measurements were obtained using time-correlated single photon counting 
(TCSPC) function of the same instrument. An Edinburgh EPL-445 ps pulsed laser diode 
(444.2 nm, pulse width = 95 ps, rep rate = 2 MHz) was used to excite CF3-7DMAQ, and the 
maximum channel for each measurement set collected 5000 counts. Emission lifetimes were 
determined by reconvolution fit with the instrument response using Edinburgh FS900 
software. Data agreeably fit to a monoexponential function of the equation below, where I is 
the counts (intensity) and τ is the lifetime of the sample.  𝐼! = 𝐼!𝑒!!/! 
Förster Cycle Calculations (refer to Figure 4.6 ) 
General Equation used to calculate excited-state pKa; determining the ground-state pKa, and 
E00 for both the basic and acidic species allows for the calculation of pKa* 
p𝐾! − p𝐾!∗ = E!! CF3− 7DMAQ𝐻! − E!! CF3− 7DMAQ1.37 kcal/mol  
Conversion of E00 for CF3-7DMAQ from eV to kcal mol-1 ΔG!""° = 23.06 kcal mol!! V!! ∗ 𝐸!! = 23.06 kcal mol!! V!! ∗ 2.56 𝑉  
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ΔG!""° = 59.1 kcal mo𝑙!! 
Conversion of E00 for CF3-7DMAQH+ from eV to kcal mol-1 ΔG!""° = 23.06 kcal mol!! V!! ∗ 𝐸!! = 23.06 kcal mol!! V!! ∗ 2.19 𝑉 ΔG!""° = 50.6 kcal mo𝑙!! 
Plugging E00 values back into Förster cycle equation: 
11.5− p𝐾!∗ = E!! 50.6 kcal mo𝑙!! − E!! 59.1 kcal mo𝑙!!1.37 kcal mo𝑙!!  
 p𝐾!∗ = 17.7 
 NMR Titration Derivation 
1H NMR was used to determine the extent of hydrogen bonding between each acid 
and either pyridine or dimethylaniline. In the instance that a proton is in rapid exchange with 
multiple locations, only one peak should appear. The apparent shift is a product of the shift of 
each pure species, and the extent to which the proton is in each state.  
The interaction between base (B) and acid (HA) can be described with the chemical equation 
(1) and equilibrium expression (2) below: 
 
(1)              𝐻𝐴 + 𝐵 ↔ 𝐵𝐻𝐴 
 
 
(2)     𝐾 = !"#!" !  
 
The observed peak shift, δobs, is a function of the peak shift and mole fraction of free acid, 
and peak shift and mole fraction of hydrogen-bonded species (3):  
 
(3)   𝛿!"# = 𝛿!"𝜒!" + 𝛿!"#𝜒!"# = !!" !" !!!"# !"#!" ! !"#  
 
The initial concentrations of base and acid are defined as B and HA respectively (4): 
 
(4)    𝐻𝐴 = 𝐻𝐴 !"!#, 𝐵 = 𝐵 !"!# 
 
Plugging initial concentrations defined in (4) into (3) gives: 
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(5)    𝛿!"# = !!"(!"![!"#])!!!"#[!"#]!"  
 
Rearranging (2) and plugging in (4) gives: 
 
(6)   𝐵𝐻𝐴 = 𝐾 𝐵 𝐻𝐴 = 𝐾(𝐻𝐴 − 𝐵𝐻𝐴 )(𝐵 − 𝐵𝐻𝐴 ) 
 
Expanding (6) gives the quadratic: 
 
(7)   𝐵𝐻𝐴 = !!!!"!!! !!!!"!! !!!!"∗!!  
 
 
 
 
Plugging (7) into (5) gives the final equation used to fit the NMR experiments, where two 
variables float, δBHA and K: 
 
 Equation 4.4 
 𝑓 𝑥 = 𝛿!"# = 𝛿!" + 𝛿!"# − 𝛿!" !!!!"!!! !!!!"!! !!!!"∗!!!!  
 
Transient Absorption Measurements 
Nanosecond to microsecond transient absorption experiments were performed using a 
custom-build laser flash photolysis system. Laser excitation (5-7 ns FWHM) was provided 
by a pulsed Nd:YAG laser (Spectra-Physics, Inc., model Quanta-Ray LAB-170-10) / OPO 
(basiScan) combination (415–800nm range).  The laser system operates at 10 Hz. A glass 
window was used to deflect a small portion of excitation beam to a Si diode detector 
(DET10A, ThorLabs), triggering the oscilloscope to start data collection. Timing of the laser 
was controlled by a digital delay generator (9514+ Pulse Generator, Quantum Composers). 
For 2–800 us time windows, a 75 watt Xe Arc Lamp white light source (PowerArc, 
Optical Building Blocks) was used in continuous wave mode. The probe beam was passed 
through a 375 nm long pass filter before passing through the sample collinear with the pump 
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beam, neutral density filter, and color filter wheel. Single wavelength kinetics were obtained 
using a double slit monochomator (Spectral Products CM112) outfitted with a Hamamatsu 
R928 photomultiplier tube (PMT). The signal is amplified by a 200 MHz wideband voltage 
amplifier (DHPVA-200, Electro Optical Components), and is processed using a digitizer 
(CompuScope 12502, GaGeScope) controlled by MatLab software.  
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